
AFFDL-TR-66-163 

00 FLIGHT INVESTIGATION OF LONGITUDINAL 
O SHORT PERIOD FREQUENCY REQUIREMENTS 
<£ AND PIO TENDENCIES 
in 
CD 

^ DANTE A. DiFRANCO 

CORNELL AERONAUTICAL LABORATORY, INC. 
BUFFALO, NEW YORK 14221 

TECHNICAL REPORT AFFDL-TR-66-163 

1. 

JUNE 1967 

...  . 

o 

RECEIVED 
AUG2 5 1967 

CFoil 

Distribution of This Document Is Unlimited 

AIR FORCE FLIGHT DYNAMICS LABORATORY 
RESEARCH AND TECHNOLOGY DIVISION 

AIR FORCE SYSTEMS COMMAND 
WRIGHT-PATTERSON AIR FORCE BASE, OHIO 45433 



Best 
Available 

Copy 



.• m fir 

■! 

.   ..■ 

mm mum m 

L 

. ■ ■ 

.1.'. 

.. 1    IlITT EilCS 

11,         . srtCML 

■NOTICES 

When Government drawings, specifications», or other data are used for any 
purpoi e other than in connection with a definitely related Government procure- 
ment operation, the United States Government thereby incurs no responsibility 
nor any obligation whatsoever; and the fact that the Government may have 
formulated, furnished, or in any way supplied the said drawings, specifications, 
or other data, is not to be regarded by implication or otherwise as in any 
mrnner licensing the holder or any other person or corporation, or conveying 
any eights or permission to manufacture, use, or sell any patented invention 
that may in any way be related thereto. 

Copies of this report should not be returned to the Research and Tech- 
nology Division unless return is required by security considerations, 
contractual obligations, or notice on a specific document. 

yOO  - Auguit  1967  - C045S   -  1-22 



FLIGHT INVESTIGATION OF LONGITUDINAL 
SHORT PERIOD FREQUENCY REQUIREMENTS 

AND PIO TENDENCIES 

DANTE A. DiFRANCO 

CORNELL AERONAUTICAL LABORATORY, INC. 
BUFFALO, NEW YORK 14221 

Distribution of This Document Is Unlimited 

. 



* 

ABSTRACT 

The results of a flight test program to investigate longitudinal short 
period frequency requirements and PIO tendencies are presented and 
discussed.    Short period frequency requirements were investigated with a 
damping ratio ( ^^ ) of approximately 0. 7 at three fixed values of '"■}./<*■ 
(16.9,   30.4,  and 63.4 g/rad).    PIO tendencies were investigated with various 
values of the parameter   Z t^p eOsf>/*ot   •    '^*le ^ee^ system dynamic character- 
istics were held essentially constant throughout the program.    A variable 
stability T-33 airplane   was used as an in-flight simulator.  Approximately 
150 configurations were evaluated by two experienced test pilots.    Each 
configuration was evaluated as a fighter in "up and away" flight.    The 
evaluation pilots commented on each configuration and rated each numerically. 
An analysis of pilot ratings and pilot comments was made,   and these in turn 
were related to various handling qualities parameters.    In the analysis and 
interpretation of the handling qualities results,  feel system dynamics and 
pilot-selected stick force gradients {ffs/^x ) were also important considerations, 
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Section I 

INTRODUCTION 

A number of experimental,   longitudinal handling qualities investiga- 
tions of short period frequency requirements have been made in the past in 
both fixed-base and in-flight simulators (References  1 through 9).    These 
handling qualities results,  when interpreted in terms of undamped short 
period frequency {^sp) and damping (i^») requirements for satisfactory handling 
qualities,   show considerable differences.     More recent examinations of these 
data indicate that ^/ä   or Z^   may be the important parameters which will 
explain and resolve these discrepancies (Tveference 5,   for example). 

Flight test results (References  1,   2,   3,   and 4),   although limited at 
high frequencies,   also indicate that there is an upper limit on the short period 
frequency that is acceptable to the pilot,  but this trend has not been substanti- 
ated by ground simulators (Reference 6).    The ground simulator  results lack 
some important pilot cues,   especially pitch motion. 

An additional area of interest is those factors which contribute to 
pilot-induced oscillation (PIO) tendencies during demanding tasks such as 
tracking,   formation,   and low-level flying.    This problem is obviously concerned 
with a more precise understanding of the closed-loop pilot-airplane com- 
bination.     The dynamics of the control system are also important factors. 
References  10 through 15 examine various aspects of the PIO tendencies 
problem.    A detailed analytic treatment of PIO tendencies is contained in 
Reference  10.    With good control system dynamics,   it has been postulated 
that PIO's can occur only when-Z^,^,,,« l^  .    This postulate is based on the 
assumption that the pilot acts as a pure gain controller and is responsive only 
to© in a single loop compensatory tracking situation. 

These short period,  longitudinal handling qualities problems were 
investigated in a flight test program conducted by the Flight Research Depart- 
ment of Cornell Aeronautical Laboratory (C *.L) during the summer of 1965, 
and the results of this study are presented in this report.    The USAF/CAL 
variable   stability T-33 was used in the flight simulations.    Both Air Force 
and CAL evaluation pilots participated in this program. 

A total of 64 evaluation flights   was   flown,  and 177 configurations were 
evaluated;  136 of these configurations investigated short period frequency 
requirements as influenced by V~/cy or ^ at a damping ratio of approximately 
0.7.    Three essentially fixed   ?^/ä values (16. 9,   30.4,   63. 4 g/rad) were 
investigated through a range of short period undamped frequencies {AJsr*1 2 to 
16 rad/sec).    The remaining 41 configurations were concerned primarily with 
an investigation of PIO tendencies with essentially fixed control system 



dynamics.    The PIO configurations were simulated by varying the airplane 
damping ratio ( ^p** 0. 1 to 0. 7) at reasonably fixed undamped frequencies 
(WS^«Z,   4,  and 6 rad/sec).    The /^values during these tests were essentially 
fixed at 1.36,   1.78,  and 3. 07. 

In the analysis of pilot rating and pilot comment data,  feel system 
dynamics and pilot-selected stick force gradients were also important handling 
qualities considerations. 
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Section II 

EVALUATION PROGRAM 

2.1        GENERAL DISCUSSION 

For a number of years,   the Flight Research Department of Cornell 
Aeronautical  Laboratory has been engaged in variable stability and handling 
qualities research.     Part of this research has been concerned with longitudi- 
nal,   short period handling qualities requirements of a variety of aircraft 
prrforming specific tasks under specified flight conditions.    Much of this 
short pt-riod research was concerned primarily with the frequency and damp- 
in>.» requirements.    The research was done using variable stability airplanes 
performing   in-flight simulation and is documented in numerous reports (e.g., 
References  1,   I,   3,   and 4). 

As a result of this research,   boundaries of frequency and damping 
with various degrees of acceptance (iso-opinion lines) have been established. 
Good,   satisfactory,   and unsatisfactory boundaries have been delineated based 
on pilot ratings and pilot comments.    Some of the boundaries or iso-opinion 
lines were not well established at higher frequencies.    Indications were that 
these boundaries would close at the higher frequencies even with satisfactory 
damping (fs£*0. 7),   but this conclusion was tentative.    In Reference 3,   reason- 
ably accurate simulation of short period response was limited to short period 
frequencies of 0. 78 cps.    In References 1 and 2, the limiting frequency was 
approximately 1. 15 cps.    Variable stability equipment limitations made higher 
frequency simulations questionable because of the significant influence of the 
variable stability system on the character of the airplane short period response. 
More recent research in a ground-based simulator (Reference 6) disagrees 
with these "tentative" in-flight results.    The "G-seat" in which the ground- 
based simulations of Reference 6 were performed was capable of vertical 
movements and,  thus,   simulation of normal acceleration.    However,   it lacked 
the pitch degree of freedom of an airplane in flight.    In References  1,   2,  and 
3, pilot objections at high frequencies were directed at the abruptness of the 
initial pitch response.    One of the purposes of the present flight test program 
is to further investigate this problem in flight.    The USAF/CAL variable 
stability T-33,  with an improved elevator servo,   is capable of simulating 
longitudinal short period frequencies of 2 cps or better. 

Discrepancies exist between the iso-opinion ("thumbprint") boundaries 
of References 1,   2,   3,   and 4.    Frequency and damping are denominator 
parameters that enter into the transfer functions of the various airplane 
responses to control inputs.    But the magnitude of any given response and the 
relation between amplitude and phasing of the responses will depend on other 
variables such as true speed ( l^ ),Za,   and^j^of the airplane.    The parameters 
/.^ andA^    appear in the numerator of the pitch angle transfer function.    All 



three parameter« app«  i r  in I In   IHM m.« I   .      i i. i tltuti irtifiulmt Ium t ion.     A 
ground simulator pro^rriin w«« < unilm i>   f I   • i. i ■ n. .      I in dvtrrminr ihr 
probable effect of thcar vnnalilra •■n ■limi <l IMIHIIIUM t|Ualltirt,      I lie 
results of Refereme S in<lu.tl<il tli.ii   ,1.. ii     .1 1 ..1  itu  uplnton  ImiH .irr .ilso 
associated with a not In- r pa raim-lr 1 ,   1 In    ^arlallitfl ill  n ■! m.i I .u . « I. r.it nm >A itli 
angle of attack (%/«).     1 Ina p« rMin< )• t   1 ■  1 < 1 < 1 < >i 1 > v   and  ' ,) l>\ the relation- 
ship »7*/<* * K) ^ä /? •    The  n-ault a ol   Mi It 1      i unlii HI«   111.11  Ihr  moat 
satisfactory ratings occurrad l"i     "j/« 'a brlwran       tn'l Hit g/rad. 

The  importancr of  .',a  and vrlm My ( i(I )  in .niphuit    li.iiulling 'jualitits 
has also been investigated morr  mi-ntly liy utlura (Rufr renceg  7,   H,   and 9). 
Methods have been suggt-sted lor  tclating  1 m»-opinion  lines or  "thumhpr int s" 
for various size and typrs of airpl.in«-» (liglitt-rs,   IXIIIIIM-ra,   transports).    All 
of the suggested parameters  involve  relationships between ^^^  ,fm~, /.Ä . 
and   V0 .    The present flight test  program was  undertaken to study some of 
these problems with the proper pilot cues in a  more realistic physical 
environment. 

Some investigators have pointed out the  importance of the initial pitch 
acceleration,   pitch velocity,  and the shape of the response curve on the short 
period handling qualities (References 7 and 16).    The importance r>f pilch 
acceleration,   and the pilot objections associated with it are also described 
much earlier in the in-flight investigations of References 3 and 4.    In 
Reference  16,   the author points out the importance of CAP (control anticipa- 
tion parameter) in longitudinal handling qualities.    CAP is the ratio of the 
initial pitch acceleration {&0) to the steady-state normal acceleration (^iss) 
following a step elevator input from trimmed level flight (CAP = ^o/^ss)-    ^ 
is suggested in Reference 7 that the pilot is responsive to a blend of normal 
acceleration,   pitch rate,   and pitch acceleration  of the   airplane.      The 
handling qualities  results of the flight test program presented in this  report 
are interpreted in the light of these suggested handling qualities parameters. 

The effect of feel and control system dynamics and stick forces on 
the closed-loop pilot-airplane handling qualities has been recognized for some 
time.    (See References 3,   12,   13,   and 15.)   No attempt was made in the 
present program to determine the effects on handling qualities of different 
feel system characteristics.    A set of essentially fixed feel system character- 
istics that were acceptable to the pilot was     simulated in the variable 
stability T-33 for this flight test program.    However,  the attenuation effects 
of the feel system on the initial response of the airplane were significant and 
have been accounted for in interpreting the  results and relating them to pilot 
ratings and comments as a function of airplane frequency.    It is worth noting 
that the feel system in the present test is  in series with the control servo 
and the airplane elevator control.    In References  1,   2,   3,   and 4,   strain gauge 
force commands from the stick were used to actuate the control servo 
directly.    This arrangement essentially eliminated the attenuating effects of 
a slow feel system on the airplane initial response,   but not the attenuating 



'   ■• 

effects of the control surface servos.    Obviously,  a proper comparison and 
interpretation of past and present handling qualities  results can only be made 
if such differences are adequately considered. 

The pilot was also allowed to select what he considered to be an optimum 
stick force  per g (^s/W) ^or every configuration simulated.     The stick force 
selected,   its v iriabiiity,   and the pilot's reasons for the selection become an 
important aspect of this longitudinal  short period investigation. 

A  rather extensive  review and analytical investigation of pilot induced 
oscillation (PIO's) is presented in Reference  10.    A  study of the conditions 
for PIO requires an intimate understanding of the complete closed-loop pilot- 
airplane control system.     Some aspects of the PIO tendencies in airplanes 
are also discussed in References 6,   11,   and  14.     For a linear  system,   with 
negligible effects of control system dynamics,   it is postulated in Reference   10 
that longitudinal PIO can occur if 2 ^.^^u,*^^ •    It is this condition of PIO 
tendencies that was investigated in this flight test program.    The feel system 
frequency and damping simulated for this investigation were the same as 
those used  in the longitudinal short period investigation (^5  "  23 rad/ser, 
£FS   - 0.66).    Since the pilot was also allowed to select the elevator gearing 

or stick force per g for the PIO simulations,  the effects of stick forces on 
PIO tendencies became a part of the  investigation. 

2. 2 SHORT PERIOD FREQUENCY REQUIREMENTS 

The effects of 4.x and ^, ,   or T?*/« ,   on short period handling qualities 
requirements were investigated by both a GAL pilot and an Air Force evalua- 
tion pilot.    A total of 136 configurations   was   investigated;  76 of these were 
evaluated by the GAL pilot,   and 60 by the Air Force pilot.     Some of these 
evaluations were  repeat evaluations of the same configuration. 

The  short period investigation was at essentially constant damping 
ratio (^sp^0. 7),   as ^Sf. was varied at essentially three fixed values of /<*. 
(1.36,   1.78,   and 3.07).    The variation in  z^    was obtained by flying the T-33 
variable stability airplane at indicated airspeeds of 220 kts,   300 kts,   and 
365 kts at 5500 feet pressure altitude.     The true airspeeds were  23K kts,    324 kts, 
and  394 kts,   and the corresponding values of 77^/« we re   16. 9,   30.4,   and 
63.4,   respectively. 

The primary factor responsible for small variations in the fixed \alues 
of /.#  Sind fm/et during the in-flight simulation was variation in airplane weight 
as fuel was consumed.    These effects were kept to a  minimum by simulating 
and evaluating three different configurations during each flight with the  220 kts 
simulation first,   the  300 kts second,   and the  365 kts third.     The  minimum   ^ ^ 
simulated (/^ =  1.36) was determined by the minimum speed at which the 
evaluation pilot couhl pull 2 g's without entering stall buffet.     The evaluation 



pilots felt that a maneuver of at least 2 g's was required to adequately evaluate 
a configuration.    The high speed and high /awas determined by the maximum 
speed at which sufficient excess thrust was available to permit fighter 
maneuvers. 

The degree of variation possible in the simulated natural frequencies 
is determined by the elevator servo frequency {^e- 63 rad/sec) and elevator 
gain setting limitations.    The highest airplane frequencies could be simulated 
at the highest velocity flown (365 kts IAS).    Variations in damping ratio from 
a ifs^of 0. 7 were a function primarily of the accuracy to which airplane gain 
setting could be estimated to vary the frequency and keep the damping ratio 
constant. 

The range of variables tested and the standard deviation of those 
variables held essentially constant are summarized in Table I. 

2. 3 INVESTIGATION OF PIO TENDENCIES 

PIO tendencies were investigated by simulating PIO configurations 
under the same flight conditions (1/, ^ ,  and^/a) used in the investigation 
of short period handling qualities.    The mission,  tasks,   comments,  and 
ratings associated with the short period handling qualities investigation were 
nlso the bases for the PIO investigation.    Since the conditions for PIO are 
nut clearly understood,  the pilots evaluated all configurations for PIO 
tendencies and were not aware of which configurations were specifically 
simulated to induce PIO's. 

Only PIO tendencies with fixed control system dynamics were investi- 
gated during this flight program.    Configurations with PIO tendencies were 
simulated based on the PIO criterion ^.^sr^sp^^x-    Thus,   configurations with 
2, fsr. t^sf    somewhat larger and smaller than z- were simulated for three 
fixed values of   Z^   (1. 36,   1. 78,   and 3. 07).    Variations in 2 fSf, ^SA, at a 
fixed la   were obtained by simulating various ifs^ below 0.6 at three essentially 
fixed values of short period frequency (2,   4,   and 6 rad/sec).    The pilot was 
allowed to select the stick force per g that was most acceptable for the PIO 
configurations.    PIO tendencies were thus attenuated by the pilot-selected 
stick forces and this effect is also reflected in the PIO ratings and comments. 

Table XIII shows all the short period configurations simulated with 
damping ratios    <   0. 6.    These configurations were obtained from Tables VII, 
VIII,   and IX.    A few of the configurations listed in Table XIII have short 
period frequencies considerably higher than 6.0 radians per second,   and 
some of these also show PIO tendencies.    Listing configurations  in Table XIII 
with    ifS/-,<0.6as PIO configurations is obviously somewhat arbitrary.    The 
range of PIO variables investigated based on Table XIII is     summarized in 
Table II.    Most of the configurations in Table XIII,  a total of 41,   satisfy the 
condition   6c>Sfr-b, 0 radians per second and   ^^f, ^   0. 6.    Of these,   21 were 



evaluated by the CAL pilot,   and the remainder by the Air Force pilot.    Of the 
total PIO configurations simulated,  only 24 satisfied the criterion 2.fsf, A)Sf. < *-a 
Some of the PIO configurations were repeats of previously simulated con- 
figurations 



Section III 

IN-FLIGHT SIMULATION 

3. 1 GENERAL DISCUSSION 

The USAF/CAL variable stability T-33 airplane with standard 230 
gallon wing tanks was used as the simulation and test vehicle.    The simulation 
capabilities and limitations of the airplane,  and the characteristics of its 
variable stability system are presented in Reference 17, 

The lateral-directional characteristics of the airplane were augmented 
at each of the three test speeds (220 kts.   300 kts.   365 kts) to levels deemed 
satisfactory for a fighter by the GAL evaluation pilot.    The lateral-directional 
characteristics (Table VI) were then held fixed throughout the program. 

The center stick and rudder pedals were used to control the airplane 
for this program.    The control feel and control authority for rudder and 
aileron controls were selected by the GAL evaluation pilot at the beginning of 
the program and remained constant throughout the evaluation (Table VI). 

The spring rate of the elevator stick ( fss/Sg*  ) was  set at 30 lbs/in. . 
and the control gearing ( $<,/$es) was optimized oy the pilot at the beginning 
of the evaluation of each configuration. 

The simulation included random disturbance inputs to all three controls 
(ailerons,   rudder,  and elevators).    A tracking task was also a part of the 
evaluation.    The tracking error was presented to the pilot on an ?ll-attitude 
indicator. 

The longitudinal short period frequency and damping of the airplane 
were variedthroughthe variable stability elevator gains as a function of angle 
of attack and pitch rate (Se/o/, Se/6c'   and $e/9). 

Each of these factors is discussed in the sections that follow. 

3. 2 SIMULATION OF SHORT PERIOD FREQUENGY AND DAMPING 

Assuming negligible velocity changes,   end negligible elevator lift,   the 
longitudinal short period equations of motion for an airplane can be written as: 

-«*2AOC*0-0 (3.1) 

M '^ÖL+M^OL-e +*fQ  Ö + Mg   ge~0 (3.2) 
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Equation (3. 3) is not an independent equation of motion but simply ?  relation- 
ship between normal acceleration in g {?>*),   flight path angle rate ip"),   and the 
pitch and angle of attack rates { d ar.d « ).    In terms of the dimensional deriv- 
atives in Equations (3. 1) and (3, 2),  defined in the List of Symbols,   the 
undamped natural frequency (^Sp) and damping ratio (?fs,,) of the short period 
assume the following form: 

zhp*>Sp-- -*,-**-** (3'5) 

- ,       - (** * M* + ">)_ (3>6) 

By varying the values of the derivatives in Equations (3. 1) and (3. 2),   it is 
possible to vary the longitudinal short period undamped frequency and damping 
ratio.    It is not possible to vary 2^   of the variable stability T-33 independ- 
ently of the other derivatives; that is, z^    can only be varied by varying the 
airplane flight condition which also varies the other derivatives.    The T-33 
elevator lift capability (Ec  ) is negligibly small.    Neglecting He   ,   it can be 
shown that the other derivatives can be varied independently by changing the 
gain settings to the elevator of the T-33 airplane. 

^WAv;r.„^W,„ ,3•7, 

The quantities €e/oC > 5e/*'   an£* ^e/^ are t^le c011«1*11* static gain settings to 
the elevator as a function of the airplane« , «. ,  and 9 responses.    The 
derivatives in Equations (3.7),  (3.8).  and (3. 9) are the T-33 derivatives for 
a given flight condition.    By varying the simulated derivatives through the 
gain settings,  the simulated frequencies and damping ratios can be varied. 
It is interesting to note that larger derivatives and larger frequencies can be 
simulated for the same gain settings when the T-33 derivatives are larger, 
especially/t^ The derivative-*^   for the T-33 is larger when the airplane 
is flying at a higher free stream dynamic pressure.    Assuming no gain limits 
as a function of flight condition, the highest frequencies simulated occur for 
the flight condition with the highest IAS,   365 kts. 

"i'W..:, *lrÄ"*J.„ (3•8, 



Equations (3. 7),   (3. 8),   and (3. 9) are true only when the elevator 
servo frequency is very high compared to the simulated frequencies and the 
lags of the sensors of the airplane are negligible.    In actual fact,   the problem 
is more complex,   and each derivative is not an independent function of only 
one gain setting.    Once the required gain settings are determined analytically, 
they are checked out through calibration flights.    The frequency and damping 
ratios simulated in flight for various gain settings are determined from 
oscillograph traces of the actual airplane responses.    The results of the 
calibration flights are used to determine gain settings to simulate particular 
frequencies and the damping ratios for each flight condition of the airplane. 

The results of these calibration flights were used to determine gain 
setting    curves at essentially constant damping ratio (fsJ* 0. 7) with varying 
frequency for each of the flight conditions (220 kts.   300 kts,   and 365 kts IAS). 
These curves were used in the simulation of a spectrum of short period 
frequency configurations at three fixed values of ^Ä (1. 36,   1.78,   and  3.07). 

In the simulation of PIO configurations,   it was necessary to vary the 
damping ratio at three nominal values of frequency (AJsp ~ 2,   4,   and 6 rad/sec) 
for each of the flight conditions.    Similar calibration flights were run to 
determine gain setting curves to simulate a spectrum of damping ratios for 
each of the flight conditions. 

3.3 SIMULATION OF Z«; AND ^/ä 

As previously stated,   it is not possible to vary ^.^ (or- HÄ) independ- 
ently in the variable stability T-33 airplane.    The variable stability system 
does not incorporate variable lift as a function of angle of attack.    The 
parameter /Ä was varied by varying the indicated airspeed (220 kts,   300 kts, 
and 365 kts) at 5500 feet pressure altitude.    The reasons for selecting these 
speeds were discussed in Section 2.2.    The relationship between ^and^a/Ä 
is therefore fixed and determined by the equation, ?7«/'ar-^/.^/y .     Some small 
variation in /^ and ^j./«occurred for each flight condition due to variations 
in fuel remaining for the T-33 airplane. 

3. 4        SIMULATION OF STICK FORCE PER g 

The variable stability T-33 has a completely separate feel system whose 
characteristics can be varied independently from the airplane parameters 
simulated. 

A spring rate {ffs/$£s ) of 30 lbs/in.  was selected as satisfactory 
by the evaluation pilot during the calibration flight.    The spring rate,   with 
a few minor variations,  was held constant throughout the «'valuation flights. 
The control gearing K9+/$s*S was selected by the evaluation pilot for each 
configuration simulated.     By changing the control gearing,   the pilot could 
vary the $ //^-s   •    ^Y this means,   the pitch response of the airplane to stick 
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force input could be changed,  but not without a corresponding change in ^s/^i 
of the airplane.    A reduction in gearing results in a reduction in pitch 
sensitivity and an increase in the steady-state ^rs/^  .    The actual airplane 
pitch response is,   of course,  a function also of the leel system and airplane 
dynamics. 

For several configurations simulated,   it was not possible to give the 
evaluation pilot the control gearing that he desired because of practical 
limitations in the simulation procedure.    For these cases,   the spring rate 
was changed slightly to give the pilot the desired   S^/Fg^,.    Table III shows 
the spring rates actually used for the various flights. 

Elevator stick position commands ( £ffS )from the feel system were used 
to operate the elevator through the elevator servo.    Pilot force commands 
at the stick are aot felt immediately as elevator stick commands to the 
elevator servo because of the design characteristics of the feel system (see 
Reference  17).    The elevator stick ( Ses) to stick force ( ^»s ) transfer function 
can be represented as a second order system. 

The numerator contains the constant steady-state spring rate gain,   rnd the 
denominator contains the feel system frequency and damping.    The feel system 
frequency and damping simulated for the spring rate of 30 Ibs/inare    &Jr*~ 23 
rad/sec and ^s  = 0.66.    The feel system characteristics for the other spring 
rates are shown in Table III. 

The method for determining the feel system characteristics is discussed 
in Appendix II.    The effect of the feel system characteristics on the initial 
pitch response of the airplane is discussed in Section VI.    The effect of the 
feel system onthe pilot's evaluation of tne simulated configurations is discussed 
in Section VII. 

3. 5        SIMULATION OF TRACKING TASK 

A tracking task was included in the evaluation of each configuration 
simulated.     The task was presented to the pilot by means of a cross-pointer 
on the all-attitude indicator (Figure  1).    The pointer was driven by the difference 
between the command signal {9C ) from the filtered random noise generator and 
a signal obtained from the pitch angle gyro.    The display to the pilot thus 
consisted of the attitude error ( &€) together with the actual attitude of the 
airplane (9 ).    At the beginning of the tracking task,   before the random noise 
was turned on,  the gyro position,  the airplane,   and the cross-pointer could 
all be adjusted so that they coincided in trimmed level flight.    Thus,   the 
tracking errors and the airplane pitch angle displayed were plus and minus 
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angles from the trim attitude.     The pilot's tracking task was one of reducing 
the error by getting the horizon and cross-pointer to coincide.    The pitch 
angle error displayed on the  indicator (Figure  I) w.is magnified with respoct 
to the actual airplane pitch angle displayed.    One inch of movement of the 
cross-pointer represented 5 degrees of change in attitude error.    One inch 
of movement of the gyro horizon with respect to center-line represented 
about 20 degrees of airplane pitch attitude change.    This magnification of 
tracking error was selected as reasonable by the evaluation pilot for tracking. 

The level of pitch angle command that results from the random  noise 
source v   .'ies with time.    A realistic and reasonable  root mean square (RMS) 
level was selected by the CAL evaluation pilot during ihe calibration flights 
for eac.i flight condition of the airplane (220 kts,   300 kts,   and 365 kts).    The 
levels of pitch command gains remained constant for each flight condition 
throughout the evaluation program.    Some typical RMS values of 6C and 6?^ were 
measured for two evaluation flights at each flight condition during the pilot's 
performance of one minute of tracking.    These RMS values are shown in 
Table IV. 

The random noise source ued for the tracking task was the same one 
used for random noise inputs to the controls.    The output of the random noise 
source was filtered before it was used r s an input to either the tracking task 
or the airplane controls.    The amplitude versus frequency of the random 
noise filter is shown in Figure 2.     The amplitude of the high frequency content 
of this filtered noise,   although satisfactory as a random noise input to  the 
controls,   was unsatisfactory as a pitch angle tracking error.    The random 
noise input to the tracking task was therefore filtered a second time using a 
low pass filter with a corner at 0. 5 cycle per second.     The modification of 
the filter frequency response resulting from this low pass filter is also shown 
on Figure 2.    This modification made the tracking task appear reasonable to 
the evaluation pilot.    There were still some complaints during the evaluation 
flights by both pilots that the frequency content of the pitch attitude error 
was high. 

3.6 SIMULATION OF RANDOM NOISE 

Each configuration simulated was also evaluatea with random noise 
inputs to all three controls (ailerons,   rudder,   and elevators).    Reasonable 
random noise levels were selected by the CAL evaluation pilot during the 
preliminary calibration flights. 

The random noise levels to the ailerons and rudder remained fixed 
for each of the three flight conditions during the evaluation.    This is based 
on the fact that the lateral-directional characteristics remained essentially 
fixed for each flight condition as discussed in Section   3. 7. 
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Satisfactory values of random noise inputs to the elevator required 
that these inputs be a function of the simulated longitudinal short period 
frequency.    A stiffer airplane (high £<JSf,) is more difficult to disturb with 
the same elevator inputs.     During the preliminary flights,   a pilot evaluation 
of acceptable levels of random noise inputs to the elevator,   as a function of 
the short period undamped natural frequency,  was    determined for each of 
the three flight conditions.    These functional relationships were used through- 
out the evaluation program and are shown in Figure 3. 

Some scatter exists in the curves of random noise level shown in 
Figure 3.    The explanation is as follows:   The short period frequencies 
plotted are the best estimates of the simulated frequencies determined by the 
analysis of flight test data after the completion of the flight test program. 
This analysis is based on parameter identification and correlation techniques 
explained and presented in Section V and Appendix I.    The random noise level 
inputs to the elevator used during the evaluation flights were based on 
estimates of the frequencies being simulated during a particular «valuation. 
These estimates were in turn determined from gain setting curves based on 
f'light test data obtained from calibration flights.    With a few exceptions, 
which will be discussed later,  the deviations of the points from the faired 
curves are not large. 

3. 7        CHARACTERISTICS OF THE LONGITUDINAL PHUGOID 

No attempt was made to alter the longitudinal phugoid.    The phugoid 
undamped natural frequency ( Mp ) and damping ratio ( /^ ) for a given flight 
condition are essentially those of the T-33 airplane.    For the three flight 
conditions under investigation,   measurements of the phugoid characteristics 
were made during one of the evaluation flights.    The phugoid has a period 
in the vicinity of one minute for all three flight conditions and is lightly 
damped (see Table V). 

3. 8 LATERAL-DIRECTIONAL CHARACTERISTICS 

As stated previously,  the lateral-directional characteristics of the 
variable stability T-33 airplane were augmented at each of the three test 
conditions to levels deemed satisfactory for a fighter by the ev  luation pilot. 
Satisfactory values of ailerun and rudder gearing and aileron stick and rudder 
pedal force gradients were also selected by the CAL evaluation pilot and 
remained unchanged throughout the evaluation. 

The lateral-directional characteristics selected by the pilot were 
measured in flight and are shown in Table VI.    These characteristics 
included Dutch roll  undamped frequency (ä^/),   damping ratio (^y),   roll mode 
time constant (?> ),   aileron and rudder gearing {ftr/Aistfr/f**)'   an^ aileron 
stick end rudder pedal spring rates KFA%/SM,F*ß/$MI, )•    The values shown 
should only be considered as representative values,   since some variation in 
the lateral-directional characteristics occurs for any flight condition due to 
variations in fuel remaining.    The effect of fuel remaining on the lateral- 
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directional characteristics is more pronounced than the effect of different 
fuel conditions on the longitudinal characteristics.    This is because of the 
significant changes in the lateral-directional moments of inertia (Z^and fj) 
as the tip tank fuel is consumed (see Reference   17).     These inertia effects 
were kept to a minimum during the flight test program by always simulating 
the three different flight conditions during each flight in the following sequence 
300 kts,  220 kts,  and 365 kts IAS. 
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Section IV 

IN-FLIGHT EVALUATION 

4. 1 GENERAL DISCUSSION 

In-flight evaluations of longitudinal short period frequency 
requirements and PIO tendencies were made by both the GAL and Air Force 
evaluation pilots.    The handling qualities parameters simulated for both 
pilots covered the same range of variables. 

For each flight,  a different configuration was simulated at each of 
the following flight conditions; 300 kts,   220 kts,  and 365 kts IAS at 5500 feet 
pressure altitude.    The sequence of flight conditions was the same for each 
flight in order to keep the effects of variations in fuel remaining to a minimum. 

Each configuration was simulated by variable stability gain settings 
of the T-33 airplane.    These gain settings took the form of variable stability 
system knob settings that could be adjusted by the safety pilot in the rear 
cockpit.    The evaluation pilot in the front cockpit was not told the configuration 
being simulated.    Short period frequency configurations with ^p^ 0. 7 and PIO 
configurations were  sometimes simulated during the same flight. 

After performing maneuvers to select the "optimum" gear ratio for 
a specific configuration,  the evaluation pilot was asked to perform specific 
tasks,   and any other tasks he thought appropriate      o properly evaluate the 
configuration.    The evaluation pilot was supplied with a comment check list, 
the CAL rating scale,  and a PIO rating scale.    His comments and ratings 
were recorded as part of the flight records. 

Oscillograph records were taken of the airplane response to specific 
inputs,  to properly identify the handling qualities parameters actually 
simulated.    One minute of tracking performance was also recorded for each 
configuration.    In a few cases,   records were taken of the evaluation pilot's 
selection of  F'£s / n* .    The evaluation pilot was not aware that these records 
were taken.    The records were later analyzed for stick pumping and are 
discussed elsewhere in the report. 

4. 2 EVALUATION MANEUVERS 

For each configuration,   the pilot first performed whatever maneuvers 
he thought necessary to properly select the elevator gearing.    The elevator 
gearing was varied by the safety pilot in the rear cockpit in response to the 
requests of the evaluation pilot. 
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After selecting the gear ratio,   the pilot was asked to perform the 
following maneuvers which include the compensatory tracking task previously 
discussed.    During these maneuvers,   the configuration was evaluated as a 
fighter in "up and away" flight. 

Evaluation Maneuvers (Smooth Air) 

1. Trim airplane. 

2. Straight and level flight,   including small pilot- 
initiated disturbances about level flight. 

3. Heading changes maintaining constant altitude. 
a. Small bank angles 
b. Large bank angles (up to 60°) 

4. Symmetrical pull-up and push-over to specific 
normal acceleration. 

5. Climbing and descending turns. 

6. Tracking task. 

7. Maneuvers with random noise inputs. 

4. 3 PILOT COMMENTS AND PILOT RATINGS SCALES 

During and after the performance of the evaluation maneuvers,   the 
pilot commented on the configuration.    These comments,  as well as the com- 
ments on the selection of the gear ratio,   were  recorded on a wire recorder. 
To aid the pilot in making comments,   he was provided with the following 
comment check list: 

Pilot Comment Check List 

1. Is the airplane difficult to trim? 

2. Is attitude control satisfactory? 

3. Is normal acceleration control a problem? 

4. Is holding altitude a problem? 
a. Straight and level? 
b. Turns? 

5. What is maximum usable bank angle? 

6. Is maintaining airspeed a problem? 

7. Are there any problems associated with the tracking task? 
a. How well can you accomplish the task? 
b. How much fatigue is involved? 
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scale. 

8. What are the effects of random noise inputs on 
handling qualities? 

9. Are special piloting techniques required for the 
configuration?    What are they? 

10. What instruments are used the most? 

11. Are any of the instruments inadequate for this 
configuration? 

12. What are the good features of the configuration? 

13. What are the bad features of the configuration? 

14. Pilot rating - adjectives - number  - why? 

Comments on question 14 were based on the standard CAL rating 

CAL RATING SCALE 

1 CATEGORY 
ADJECTIVE DESCRIPTION 
WITHIN CATEGORY 

NUMERICAL 
RATING 

EXCELLENT 1 

SATISFACTORY GOOD 

FAIR 

AfTFPTim P . I kit   THAT IT RF FIVFOV - < 

FAIR 

UNSATISFACTORY POOR 

BAD 

BAD- 

FLYABLE VERY BADb 

Illl ATT CDTi Dl c 

DANGEROUS0 

(WON 1 rLT 1 IJ 

UNFLYABLE UNFLYABLE 10    j 

'REQUIRED MAJOR PORTION OF PILOT'S ATTENTION 

CONTROLLABLE ONLY WITH A MINIMUM OF COCKPIT DUTIES. 

CAIRCRAFT JUST CONTROLLABLE WITH COMPLETE ATTENTION. 
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One objectiveof the in-flight evaluation program was the investigation 
of PIO conditions with fixed control system dynamics.    A PIO rating scale 
was established for this program for the purpose of defining categories of 
PIO tendencies for all the configurations simulated (PIO configurations and 
short period frequency configurations).    The PIO rating scale supplements 
the comment data and the CAL rating scale and is defined as follows: 

PIO TENDENCY RATING SCALE 

\                               DESCRIPTION NUMERICAL 
RATING 

| NO TENDENCY FOR PILOT TO INDUCE UNDESIRABLE 
| MOTIONS. 

| UNDESIRABLE MOTIONS TEND TO OCCUR WHEN PILOT 
INITIATES ABRUPT MANEUVERS OR ATTEMPTS TIGHT 
CONTROL. THESE MOTIONS CAN BE PREVENTED OR 

|  ELIMINATED BY PILOT TECHNIQUE. 

UNDESIRABLE MOTIONS EASILY INDUCED WHEN PILOT 
INITIATES ABRUPT MANEUVERS OR ATTEMPTS TIGHT 

i  CONTROL. THESE MOTIONS CAN BE PREVENTED OR 
1  ELIMINATED BUT ONLY AT SACRIFICE TO TASK PERFORMANCE 
j  OR THROUGH CONSIDERABLE PILOT ATTENTION AND EFFORT. 

OSCILLATIONS TEND TO DEVELOP WHEN PILOT INITIATES 
j  ABRUPT MANEUVERS OR ATTEMPTS TIGHT CONTROL. PILOT 

MUST REDUCE GAIN OR ABANDON TASK TO RECOVER. 

|  DIVERGENT OSCILLATIONS TEND TO DEVELOP WHEN PILOT 
INITIATES ABRUPT MANEUVERS OR ATTEMPTS TIGHT CONTROL. 
PILOT MUST OPEN LOOP BY RELEASING OR FREEZING THE      1 
STICK. 

DISTURBANCE OR NORMAL PILOT CONTROL MAY CAUSE 
DIVERGENT OSCILLATION. PILOT MUST OPEN CONTROL 
LOOP BY RELEASING OR FREEZING THE STICK. 

1 

2 | 

3 ! 

*         ! 

5 

6      1 
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4.4 TURBULENCE CONSIDERATIONS 

The response of an airplane to atmospheric turbulence is an 
important aspect of handling qualities research.    Much of the turbulence 
effect on airplanes is associated with the gust induced angle of attack changes 
and their effect on the riding and handling qualities.    Unfortunately,  the 
variable stability T-33 is not capable of simulating variable lift due to angle 
of attack at a fixed flight condition.    Such a capability would be required for 
simulating gust induced angle of attack changes.    In this flight test program, 
the effects of turbulence were judged from natural turbulence and the pitch 
response of the airplane to random noise inputs to the elevator.    Random 
noise inputs to the elevator are only an approximation of the pitching motion 
that will result from gusts. 

4. 5 IN-FLIGHT DATA RECORDS 

In order to properly identify the handling qualities parameters 
simulated and the pilot's clo8ed-loop performance,  oscillograph records 
were taken of the airplane response to specific control inputs or control 
tasks for each configuration simulated.    These records were analyzed during 
and after the completion of the flight test program.    Oscillograph records 
were taken under the following conditions: 

Oscillograph Data Records 

1. Variable stability system engage at each speed 
(flight condition). 

2. Response to automatic elevator doublets, pulses, 
and steps. 

3. Response to manual elevator stick doublets, pulses, 
and steps. 

4. One minute of tracking of pitch attitude command. 

5. Rapid and precise 1 and 2 g pull and hold. 

6. Pilot initiated attitude changes of the airplane, 

7. Selection of elevator gearing (on four flights only). 
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Section V 

IDENTIFICATION OF SIMULATED PARAMETERS 

The oscillograph records of the airplane response to specific inputs 
were used to identify the longitudinal short period parameters actually 
simulated for each configuration evaluated by the pilot.    Doublet,   pulse,   and 
step responses were used to identify ^J^ and ^,

s/,.    The short period frequency 
investigation at various values of L^   was conducted at essentially fixed 
damping ratio (  y5p « 0. 7).    For these well damped configurations,   frequency 
and damping were generally identified using the so called "time ratio" method 
for a second-order response.    For the low damping configurations when 

5sp    < 0.5,   thj "transient peak ratio" method for a second-order response 
was used.    Both methods are nresented and discussed in Reference  18, 

From the airplane response to various fixed control  inputs,   it was 
possible to identify a number of steady-state parameter:? such as c*/^^ • ^s/"-*- 

■rfp/a,   and ^s/^ . 

There are some problems associated with the identification of short 
period characteristics.     For well damped high frequencies,   the airplane 
response is very rapid,   and it becomes difficult to determine frequency and 
damping ratio accurately by the  "time ratio1' method.    In addition,   the shape 
of the response is not quite that of a second-order system because   of the 
distortion due to sensor and servo lags.    However,   under such conditions, 
measurements of steady-state parameters are quite good.    At the low short 
period frequencies simulated (aJsr** 2 rad/sec) the airplane response is slow, 
and measurements of frequency,   damping,  and steady-state parameters are 
contaminated by the effects of the phugoid association with velocity changes. 
The stick "bobweight" effect (that is the inertia effects of the free stick in 
response to airplane dynamics) also somewhat alters the measurements of 
frequency and damping,     Bobweight effects on the measurements were minimized 
by properly selecting records to be analyzed. 

At the completion of the flight test program,   methods were devised 
for correlating the measured parameters to the gain settings used in the 
simulation.    These correlations determined the degree of consistency and 
accuracy in the measured parameters.    In addition,   on the basis of these 
correlations,   it was possible to establish alternate methods of identifying 
questionable parameters,   especially at the high p.nd low frequencies simulated. 
The correlation and alternate parameter identification techniques are discussed 
in Appendix I, 

The parameters simulated for each of the three flight conditions are 
shown in Tables VII,   VIII,   and IX.    The PIO configurations simulated at low 
damping are also shown in these tables.    The "measured" values in the tables 
were obtained from the oscillograph records of the flight using the techniques 
previously described.    The least-squares-fit (LSF) values were determined 
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using the least-squares-fit correlation techniques of Appendix I.    The "best 
estimate" values represent the best estimate of what parameters were 
simulated.    In some cases,  the "best estimate" value is simply the directly 
measured value using the oscillograph traces.    This is the case when the 
"measured" and "LSF" values are in good agreement. In some cases,  the 
"best estimate" values were determined by other methods,  such as determining 
short period frequency indirectly from measured steady-state values of a/^-g 
and the least-squares-fit value oiMgft  ,   as discussed in Appendix I.     "Best 
estimate" values determined indirectly as discussed in Appendix I are identified 
in the tables by a double asterisk.    In a few instances,  the "best estimate" 
value is simply considered to be the least-squares-fit value. 
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Section VI 

EFFECT OF FEEL SYSTEM DYNAMICS ON 
AIRPLANE PITCH RESPONSE 

6.1 GENERAL DISCUSSION 

The importance of the magnitude of the pitch response of an airplane 
to control inputs, and the effect of this response on the closed-loop handling 
qualities, have been recognized for some time.    Assuming velocity changes and 
elevator lift {tg   ) to be negligibly small, the short period longitudinal equations 
of motion of theeairplane are represented by Equations (3. 1) and (3.2).    These 
equations are equally valid for the variable stability T-33 simulating another 
airplane,  when the simulated derivatives are described by Equations (3.7), 
(3.8),  and (3.9).    These same results can be obtained from Equations (1.5) 
and (1.6) in Appendix I by neglecting the small terms containing elevator lift 
{2S.).    Thus,  in terms of simulated derivatives,   and control stick inputs 
{SfS), the two-degree-of-freedom equations of motion become: 

- #-   +- z^ <r   + ö   = 0 (6. 1) 

Afrf,   ^r ■*■   M„Q:-e+MAe+Mx    f-ß-       <fcc  - O (6. 2) 

Under these  same assumptions,   the transfer functions^    ■)/$fs('s)and"2.fs)/££*fs) 
assume the following form in terms of the simulated frequency and damping 
ratio: 

Pis) "^(^-X5-**:) (6.3) 
J£S(s) sfs** 2ZspcJSrS + aJs'p) 

^   __      iJLgL-^  (Jtl (6 4) 

These expressions can also be obtained from Equations (I. 8) and (I. 10),  using 
Equa  ions (1. 1 9) and (I. 20) of Appendix I. 

It is assumed in Equations (6. 3) and (6.4) that the elevator-to-stick 
gain {$/$£*. ) is independent of frequency.    This is reasonably true at the 
simulated airplane frequencies since the elevator servo frequency is relatively 
high (63 rad/sec).    This assumption is less true under transient conditions, 
such as the airplane response to rapid stick inputs. 

An even more important factor in the simulations of this program is 
the response of the airplane to stick force commands.    The response of the 
elevator stick to stick force commands is determined by the following transfer 
function for the variable stability T-33 feel system: 
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4s(*>    _ ^/ (jfijM ^11_     =     tl   _ZuJ*L  (6i5) 

The feel syBtem characteristics that were used in this prugram are 
summarized in Table III.    These characteristics were determined as indicated 
in Appendix II based on ground and in-flight records.    The elevator servo 
characteristics are also analyzed briefly in Appendix II. 

The following section discusses how the elevator and feel system 
characteristics affect the initial pitch response of th«- airplane to stick force 
inputs. 

6. 2 AIRPLANE TRANSFER FUNCTIONS AND RESPONSE CHARACTER- 
ISTICS INCLUDING FEEL SYSTEM 

The pitch response and normal acceleration response of the airplane 
to stick force inputs (including elevator servo and feel system characteristics) 
can be written as follows: 

(6.7) 
Vs)       6mC*)     **<">    Ist'J 'e 

If the   S€(s)/gÄ3fA)transier function can also be represented as a second-order 
system (Appendix II), then: 

^    .     "e  (-fa-)** (6  8) 

Substituting Equations (6. 3),   (6. 4), (6. 5).  and (6. 8) in Equations (6. 6) and (6. 7) 
results in the following transfer functions: 

(6.10) 
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The subscript »s refers to the gain values under steady-sta^o conditions,   or 
the asymptotic value at low frequencies.    Assuming the elevator servo 
frequency (4Je) is high compared to the feel system frequency (^J/:s),   the 
transfer functions can be reduced to the following: 

*&) *V5*Afr# fj£Jst   J^/SS (*'**'  

***(*>   ' (s**zts,»Jsp*+*Jsp)('s***e',s*Jf*s**Jn) 

(6. 11) 

(6. 12) 

The initial pitch response of the airplane was analyzed using the 
transfer functions of Equations (6.9) and (6. 11).     The results were nearly 
identical,   indicating little effect of the elevator servo lags on the transient 
response.    This is attributable to the high elevator servo frequency compared 
to feel system frequency (63 rad/sec compared to 23 rad/sec). 

Based on Equation (6. 1 1),  the pitch velocity and pitch acceleration 
transfer functions can be written as follows: 

(6. 13) 

(6. 14) 

Without feel system dynamics included,   the pitch acceleration transfer 
function, ^^s)/^a^s; be comes: 

^C*) (s**ztsl,<Jt,s+cJSr*) 

For a step stick force input (^V» ) where fs^fs) - Pgt/s,   the airplane initial 
pitch acceleration can be found from Equation (6. 15). 

A*,     .   e'Cs) ,      jc„        e{s) 
FES(s)     £*'   '     s+<*>     Ft,Cs)    ei 

G    aes's*   i res /ss 

c 

(6. 16) 
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The actual pitch response of the airplane to a step stick force input, 
with feel system dynamics included,   can be found from Equations (6. 11), 
(6. 13),  and (6. 14). 

^*"r   /"A)    f-fi1-)     F£s   (s-**) 
= sY***«<-„^,s+a;.,«X''*«f«4'«**'j-5';   (6-17) 

ö^s)   = £    S%  l    £S/5S (6. 18) 

0/5;-        ^s8 gggj^Js. ^LL ^Ellllhd (6.19) 

The actual airplane response to a step stick force input can be related 
to the initial pitch acceleration response without feel system dynamics. 
Equation (6. 16).    Dividing Equations (6. 17),   (6. 18),  and (6. 19) by   0O or 

^l/ViWWWS»)«^«« we have' 

ehd(s) =     ^jfsVfzI*) (6.2i) 
3(5* + 2tSP cJSPS + aJsp*)(s*+Z?F5u)F5 StuJF^) 

where 

 ^FS* (s-*ct) (6. 22) 

(sz+z?spü>sp s^cJsp
a-)(s^^z^F5cJfS S + oJps*) 

/        r de)     /Sss ) (6-23) fl- = e/% fci i-^l '» 
**' - */% ftl (£)ss '" <6-24) 

'ss    " <6-25) 

The expression  0^ ia a nondimensional pitch acceleration.    It is the ratio of 
pitch acceleration,   including the effects of feel system dynamics,  to the pitch 
acceleration at time t»o*»  excluding feel system dynamics,  following a step 
stick force input. 
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Without elevator or feel system dynamics,   the maximum pitch 
acceleration following a step stick force input occurs at time zero and is 
equal to d0--Ms ^/%S)M/%»/£*)U ^< '    With feel systern dynamics included, 
the pitch acceleration response is defined by Equation (6. 19).    At time zero, 
the pitch acceleration is zero,   and the maximum occurs at some time after^-^. 

It is difficult to determine analytically from Equations (6. 19) or (6. 22) 
the time at which maximum pitch acceleration occurs and its magnitude.     By 
transforming Equation (6. 20) to a differential equation in the time domain and 
performing a step by step integration with time,   it is possible to obtain a time 
history of G„j , Q„j  ,   and B^j  .    From these time histories,   it is possible to 
determine maximum values of &„</  and 0„,/  .    Then   0/^Ar  and Ö^^x  can be 
determined from Equations (6. 24) and (6. 25). 

The 0„4    response,   and therefore (9nd)/^Ajt and (Öfijjm* .   are a function 
of the feel system frequency and damping,   simulated airplane frequency and 
damping,  and the value of i^   .    When the feel system frequency and damping, 
2    ,   and the airplane damping are fixed,   then the pitch response 0,,^   to a step 

stick force input is only a function of the airplane frequency. 

Plots of (dr(j)M*x obtained from time histories of the pitch response 
are shown as Figures 4,   6,   and 7.    Figure 7 examines the effects of elevator 
servo lags as well as feel system lags on the maximum pitch acceleration. 
This figure should be. compared to Figure 4 with only feel system lags included. 
The effect of the elevator servo on the maximum pitch acceleration is 
negligible.    Figures 4 and 6 show the effect of slightly different feel system 
characteristics on the maximum pitch accelerations.    The differences are not 
large,   and should not significantly affect the pitch acceleration response of ♦he 
simulated airplane.    The different feel system characteristics used during 
some of the simulated configurations are indicated in Table III.    It is evident 
from Figure 4 that the feel system dynamics used in this flight test program 
caused very significant attenuation on the pitch acceleration response of the 
airplane,   especially at the higher frequencies simulated. 

The steady-state value of pitch velocity, #ss    ,   following a step stick 
force input,   can be obtained from Equation (6. 18). 

^ -iZo ste)' -      v~/''    *     ' 
"'•itX&lS'*** (6.28) 

*>s. 
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From Equation (6. 21),/^)^    ="Z
äA

,
SV    Obviously  ÖJ,,,   and ('^yj^ are related 

by Equation (6. 24). 

From Equations (6. 26) and (6. 29),  we have: 

MA A (fid'MAX 

ÖS 5 CG^)SS 

(6.30) 

Plots of pitch velocity overshoot ratio are shown as Figure 5 following a step 
stick force input.    These curves include the attenuating effects of the feel 
system. 

6. 3 ATTENUATION OF AIRPLANE RESPONSE DUE TO FEEL SYSTEM 

Once the attenuating effects of the feel system are known,   as presented 
in Figures 4 through 7,  then the airplane pitch response with feel system 
effects included can easily be determined. 

The feel system dynamics had no effect on the steady-state parameters 
of the simulated airplane,   such as   fas/"*)**   an^   i**/*-)»»'    Erorn Equations 
(I. 18),   (I. 19),   and (I. 22) in Appendix I,   it is possible to determine these param- 
eters,      provided it is assumed that terms containing?^    are negligibly small. 

aJ--2 (6.31) 

^5S     ^   ^ ^ter/« [resL 

Substituting in Equation (6. 16),  we can derive the following expression: 

60       - *>*' (6.33) 

Equation (6. 33) is the initial p;Vch acceleration per unit step stick force input 
at time i-o* ,  if the lag of the feel and elevator servos are ignored.    The 
maximum pitch acceleration per unit step stick force including feel system 
dynamics can easily be obtained from Equations (6. 27),   (6. 16),   and (6. 33). 

— \ (6.34) 
F*5 (** 

* '** K^L 
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It is interesting to note that maximum pitch acceleration per unit stick force, 
Equation (6.34),   involves the feel system dynamics and all the parameters 
varied in the short period handling qualities investigated in this report.    The 
parameter  ^-/'**  was selected by the pilot for each  configuration simulated. 

Bihrle's control anticipation parameter,   CAP,   Reference 16,   can 
easily be derived from Equation (6. 33): 

** 2 
eo 'JSP 

"Us (Hi) 
\    *   /Si 

(6.35) 

CAP,   including the effect of feel system dynamics (CAP)',   can be obtained 
from Equation (6. 34). 

It has been suggested that   ©M«»/öfi,   may be of some importance in 
defining the shape of the desired pitch response to step control inputs,   and 
therefore of some significance as a handling qualities parameter.    It is evi- 
dent from Figure 5 that pitch velocity overshoot is a strong function of J^ 
as weU as simulated   CPSP   •    The question naturally arises as to whether 
ÖM4*/09S    and (CAP)1 are really independent parameters.     Figure 8 is a 

plot of O,^,,,/0,s versus (CAP)' for various fixed values of 2^   .    Figure 8 
was obtained from Figures 4 and 5.    It is evident from Figure 8 that a func- 
tional relationship does indeed exist between these two parameters.    Within 
the range of if ^  's and   O) SP   'S simulated for this flight test program,   the 
two parameters are not really independent.    It is interesting to note that 

€>/*MK/£VS ,   Equation (6.34),   is an independent parameter from  QMM* / &ss 
since it is inversely proportional to  ^e.s /nt- • 
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Section VII 

HANDLING QUALITIES RESULTS 

7. 1 GENERAL DISCUSSION 

Pilot rating data and pilot comment data are presented and discussed 
in this section for both the investigation of short period frequency requirements 
and PIO tendencies. 

Pilot numerical ratings for the short period frequency investigation 
are related to various short period frequency parameters such as^j^ ,^/oc , 
GAP,   (GAP)', 0MAx/fgs   .   and Fes/"*  •    These pilot ratings are also interpreted 
in terms of the pilot comments. 

Pilot numerical PIO ratings for the PIO configurations investigated 
are interpreted in terms of several parameters that have been suggested,   such 
as Z$KB AJ*- . £ £   üJ  U    ,   and <*><//;- .    The PIO ratings are also related to the 
pilot comments. 

It became apparent in the flight test program and in the analysis of 
pilot ratings and pilot comment data that the pilot-selected steady-state stick 
force gradient formed an important part of this handling qualities investigation. 
This is true of both the short period and PIO configurations.     By his selection 
of stick force,   the pilot tended to optimize the short period frequency response 
requirements and minimize the PIO tendencies.    This optimization was often 
a compromise of conflicting requirements; that is,   one requirement could 
be improved only to the detriment of one or more of the others.    The pilot's 
compromise was not always an easy one,  and it did differ from time to time 
for the same configuration.    The variability in pilot-optimized stick force 
gradients accounts for some of the variation that exists in a given pilot's ratings. 
In addition,  the optimization of stick force gradient differed in some cases 
between the GAL pilot and the Air Force pilot.    This fact also accounts for 
some of the variation of ratings between pilots. 

One of the handling characteristics of importance to the pilots was 
the initial pitch response to control inputs.    The attenuation of this response, 
due to the feel system characteristics simulated,  was also accounted for in 
the interpretation of pilot ratings and pilot comments. 

The results for the two pilots are compared and interpreted in terms 
of the simulated handling qualities parameters and the pilot comments. 

Gomparisons are made between the results of this flight test program 
and previous results obtained in fixed base and in-flight simulation of longitudinal 
short period requirements and PIO tendencies.    Some of these earlier results 
were obtained by the Flight Research Department of Gornell Aeronautical 
Laboratory under previous programs. 
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16. 9 

30. 4 

63. 4 

7. 2 SHORT PERIOD FREQUENCY REQUIREMENTS 

Figures 9 and 10 are plots of pilot rating as a function of frequency 
for fixed values of^/Ä(l6.9,   30.4,   and 63, 4 g/rad).    These  ratings are for 
a short period damping ratio {f&^) of approximately 0. 7. 

7. 2. 1        Ratings and Comments of the Air Force Pilot 

The ratings and comments of the Air Force pilot will be discussed 
and interpreted first.    It is evident from Figure 9 that,   with ^^.^ 0. 7,   pilot 
ratings do indeed become worse at high as well as low short period frequencies. 
It is also evident from the figure that the rate of deterioration of pilot ratings 
with frequency from the optimum frequency is largest at the lowest   ^-ß-/**- 
(16. 9 g/rad).     This makes the satisfactory frequency range (PR <   3. 5) largest 
at the largest ^i/a tested (63, 4 g/rad).     Based on the faired curves of Figure 9, 
the satisfactory frequency range for the Air Force pilot can be tabulated as 
follows: 

^ß-/**  Range of Satisfactory Frequcncu-s (^c/) 
PR <   3.5 

2. 4 to 6. 9 rad/sec 

2. 7 to 9. 0 rad/sec 

4, 1 to 13. 9    rad/sec 

In this program,   the pilot was allowed to optimizers/ "%  by adjusting 
4s/ ^fs   •    The stick gradient,  with a few exceptions,   was held essentially 

constant ( fjs/£rs = -^ lbs/in).    At the higher frequencies simulated,  the pilot's 
continual complaint was of the abruptness or sensitivity of the airplane for 
small control inputs about trim.    He stated that this sensitivity or abruptness 
could be reduced by lowering f>e/£gS  .   which of course increased the steady- 
state ^ES/"*. •    The elevator gearing ratio selected was therefore a compromise 
between an acceptable level of sensitivity and the high steady-state maneuvering 
forces. 

The manner in which this compromise was made is shown by the/^-s/^. 
selected by the pilot as a function iA&siP at a fixed ^A* (Figure 9).    It is 
evident from the figure that the pilot-selected "optimum"/^s/^   increased 
with an increase in short period frequency and a decrease in ->?*/<•»'.    It is also 
evident from the selected f^/^x   at  / = 365 kts IAS ( ^jA = 63. 4) that the 
airplane did not feel too sensitive to the pilot,   even though the simulated 
short period frequencies were quite high (^^ = 16 rad/sec). 

There is reason to believe,  as will be explained later,   that the 
sensitivity or abruptness of which the pilot complains may be primarily related 
to the pitch acceleration response of the airplane to control inputs.    The max- 
imum pitch acceleration response, OMAX >   following a step stick force input is 
described by Equation (6.34),   which is  repeated here tor convenience. 
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Equation (6. 34) contains many of the essential handling qualities parameters 
that enter into the longitudinal short period simulations under discussion.    It 
is evident from the equation that the "sensitivity, " or maximum pitch accel- 
eration response of an airplane,   varies directly as tOSp     and inversely as ^»/«ac. 
The highest pitch acceleration or sensitivity thus occurs at high frequencies 
and low values of ^x/oi .     This pitch acceleration per unit stick force can be 
reduced with a higher steady state ^s/^a   .    This explains much of the reason 
for the pilot's "compromising" with higner stick forces as the short period 
frequency increased and'V/«*'decreased (Figure 9). 

Equation (6. 34) contains a factor (Ä^),*^   ,  which accounts for the 
feel system attenuation of the maximum pitch acceleration response following 
a step stick force input.    This factor is a result of the feel system dynamics 
explained in Section VI and shown on Figures 4 and 6.    The relatively low 
"optimum" stick force gradients selected by the Air Force pilot at the highest 

"^/^ appear to be due to the high >7
A/<*' and the pronounced attenuation effects 

of the feel system. 

At the low frequencies simulated,   the pilot objected to the sluggish 
or slow response of the airplane.    This was also described as a "digging in" 
quality; that is,  the initial response was slow,   causing the pilot first to 
increase his input.    The pilot was next aware of a buildup in pitch velocity 
which was difficult to check in order to obtain a desired new attitude position. 
The result was an unsatisfactory and highly objectionable overcontrol tendency 
which caused the pilot to downgrade the configuration. 

In many respects, the low frequencies involve a thrcshold-of-perception 
problem for the pilot. It is evident from Equation (6.34) that, for a given z^-j//^-. , 
the same pitch acceleration response will occur at a lower frequency,   providea 
^/^ is reduced.    This is evident from the pilot rating curves of Figure 9. 

Good pilot ratings occur at lower frequencies as ^/ä is reduced.    The decrease 
in pitch acceleration response K^MAX/^es ) with a reduction in frequency is 
more rapid at lower fixed values of ^/or .    This fact probably accounts for 
the more rapid deterioration of pilot rating with a reduction in frequency below 
the optimum frequency when "x/* is small (Figure 9). 

Equation (6. 34) also indicates that 9,^^/^^    can be increased at lew 
frequencies by reduc ing (/^a/"*. ^   ,     But such a procedure results in an air- 
plane with objectionable light maneuver forces and a strong overcontrol tendency. 
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Some scatter does exist in the pilot rating and pilot-selected stick 
force data of Figure 9.    The scatter in PR and ^VsA7^- at the higher frequencies 
with 'r7j-/'* = 30.4 is associated with the excitation of the T-33 structural modes 
at these simulated frequencies.    The  structural excitation occurred when the 
wing tip tanks were essentially full of fuel.    The 300 kts LAS configuration was 
always the first configuration simulated during the flight.    The pilot commented 
on and objected to the structural mode excitation,   and later examination of 
oscillograph traces of a wing tip accelerorreter confirmed that the excitation 
was present.    The excitation is probably associated primarily with wing bending, 
but may also be a result of some wing torsion.    The structural modes tended 
to increase the sensitivity of the airplane at these frequencies.    This some- 
what erratic change in sensitivity colored the pilot-selected ( ^&-'//7^)ss    ^o 
correct for the sensitivity.    The result was an increased variability in pilot 
rating.    The pilot ratings in this region are open to some question and are 
shown as solid points on Figure 9. 

For the flight condition of 220 kts IAS,   certain pilot ratings and stick 
force points that deviate significantly from the faired curves are also shown 
as solid points.    The flight number for each of these points is also indicated. 
The poorer pilot ratings for flights  583,   588,  and 614 are probably associated 
with the marked deviation of the pilot-selected steady-state /Ss/"^ from the 
"optimum" curve.    On flights 583 and 588,  the pilot commented on the excessively 
high steady-state stick forces,   and that this fact entered into downgrading the 
configuration.    Flight 581 was the Air Force evaluation pilot's first evaluation 
at this flight condition,   and this fact may account for the low rating. 

For the configurations simulated at 220 kts IAS,  the evaluations were 
somewhat limited since the airplane was only capable of pulling one incremental 
g in maneuvers before the onset of maximum lift buffet.     Both pilots often 
commented on this limitation.    It may be that the pilot-selected optimum stick 
force gradient is somewhat high because of it.    The optimization was probably 
weighted more on the basis of attenuating the sensitivity around trim because 
of the limited maneuverability at this flight condition. 

On flight 602 at 300 kts LAS,  the pilot stated that he liked the configu- 
ration,  but he still objected to the amount of longitudinal sensitivity.    As a 
result,  he downgraded the configuration. 

On flights 584 and 6l6,   for   1/ = 365 kts LAS,  the pilot complained of 
a lag in control response,   sluggishness of the configurations,   a tendency to 
overshoot,   and the heavy forces required to get the airplane to respond.     He 
gave both of these configurations poor ratings of 6 and 7.    On flight 588,   the 
pilot also spoke of the low frequency of the configuration and the overshoot 
tendencies,   but he liked the handling characteristics.    He said the stick for. 
were good and rated the configuration 3. 0.    The only explanation that can be 
offered for this discrepancy is that pilot rating is very sensitive to small 
changes in frequency in the low short period frequency range below optimum 
frequency. 
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7. 2. 2       Ratings and Comments of CAL Pilot 

Figure 10 is a similar presentation of pilot ratings and pilol-sclectod 
stick force gradients for the CAL evaluation pilot.    The data show many 
similarities to those of the Air Force pilot and some significant differences. 
Based on the faired curves of Figure 10,  the satisfactory frequency range for 
the CAL pilot can be tabulated as follows: 

Range of Satisfactory Frequencies [&£ ) 
PR <  3.5 

3. 7 to 6. 5   rad/sec 

4. 2 to 7. 5   rad/sec 

6. 0 to 11      rad/sec 

The CAL pilot also downgraded the high as well as low frequencies. 
The deterioration of pilot ratings with increasing frequency from the optimum 
tends to be larger at lower values of ^*./« .    The trend is also for the acceptable 
frequency range to be largest at the greatest value of ***/# {"j-/* « 63. 4).    The 
optimum short period frequency also increases with an increase in "^./ä . 
The deterioration of pilot rating with a decrease in frequency below the optimum 
is also greatest for the lowest "frM simulated (16. 9 g/rad).    At frequencies 
above the optimum,  the CAL pilot also compromised on higher stick force 
gradients to reduce the sensitivity or abruptness of the initial response of the 
airplane.    The CAL pilot comments about the handling characteristics of the 
configurations in the various frequency ranges were similar to those of the 
AF pilot, and the explanations previously offered for the Air Force pilot also 
apply for the CAL pilot. 

There are some significant differences between Figure 10 and 
Figure 9 that bear closer examination in the low frequency range below 
optimum frequency.    The CAL pilot also complained of the slow or sluggish 
response and the tendency to overcontrol.    This concern with overcontrol, 
and the possibility of overstressing the airplane,  led the CAL pilot to select 
higher stick forces at the low frequencies.    The CAL pilot's "optimum" stick 
force gradient curves are therefore parabolic in shape, with the minimum 
stick force of the 6 to 8 Ibs/g occurring at the frequency for best pilot rating. 

The higher scatter in the pilot-selected stick force gradients as a 
function of frequency reflects a greater difficulty for the CAL pilot in optimizing 
his stick force gradient.    The compromise between excessive abruptness or 
sensitivity and excessive steady state ftt/*x was not always an easy one to 
make.    This is especially true of the flight condition of   / = 220 kts IAS 
( "I/ä = 16. 9).    The greater scatter in pilot-selected fgi/nyi* reflected in the 
larger scatter in pilot ratings.    It is interesting to note that optimum pilot 
ratings at the optimum frequency were always poorer for the CAL evaluation 
pilot (3. 0 rather than the 2. 0 given by the Air Force pilot). 
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Frequency ranges in which structural modes were excited are also 
indicated in Figure 10.    The CAL evaluation pilot commented on this excitation 
and indicated that it was difficult to determine how much of the excitation 
was structural and how much was due to the high short  period frequency 
simulated.    The structural excitation was again substantiated by an examination 
of the oscillograph trace of a wing tip accelerometcr.     Considerably more 
scatter exists in the pilot rating data in this region.    The scatter is undoubtedly 
influenced by the degree of structural excitation that was present during the 
evaluation,   and by the pilot's ability to attenuate the excitation by proper 
selection of stick force gradient. 

Some of the other pilot rating points that deviate significantly from 
the faired curves (for explainable reasons) are also shown as solid in Figure 10. 
Pilot comment data were examined to determine the reasons for these deviations, 

An examination of pilot comments for V - 220 kts ( r7a/«'= 16. 9) leads 
to the following explanations.    On flight 577,  the pilot commented that the 
configuration felt "loose, " and the pilot's tendency was to overcontrol and 
overdrive the airplane.    He also commented that the configuration was sluggish 
and tended to "dig in, "   He felt that the stick force gradient ('Sä/'

7
?) was a 

little high,   and he rated the configuration as 7 because of its poor tracking. 
The only expl ination that can be offered for the scatter in pilot rating in this 
low frequency range is that the rating is very sensitive to small changes in 
frequency.    No explanation exists for the poor pilot rating of 5 for flight 595; 
the pilot comment of poor tracking and sluggish response is inconsistent with 
the comments for other configurations in this frequency range.    The large 
variation in pilot ratings in the frequency range of 8. 3 to 10. 6 rad/sec is 
undoubtedly due to the excitation of aome structural modes in the T-33 airplane. 
The pilot often commented that the sensitivity of the airplane was probably 
a combination of aeradynamic and structural factors.    The degree to which 
the structural modes influenced the pilot ratings is not known.    On flights 564, 
576,  and 579,   the pilot complained of the existence of some noise in the 
variable stability system,  as well as the excitation of the airplane^ structural 
modes. 

The pilot comments for l/ = 300 kts (^/^  = 30. 4) leads to the following 
explanations for some of the more significant deviations in pilot rating.    On 
flight 578,   the weather was quite poor,   and the pilot commeated that a satis- 
factory evaluation of the configuration was not possible.    Structural modes 
were excited in the frequency range of 9. 0 to 11.5 rad/sec.    On flight 565, 
the pilot commented that the structure seemed to be excited by the airplane's 
short period frequency,   and the   "bobble" tendency of the configuration made 
tracking poor.    Also,  there was a PIO tendency.    On flight 577,  the pilot did 
not feel confident about rating the configuration because of the significant 
structural excitation.    On flights 624 and 626,   the evaluation pilot first 
commented on the structural excitation,   and then tried to rate the configuration 
assuming the structural excitation did not exist. 
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At the flight condition oi   V - 365 kta (??«/&= 63.4),   several of the 
pilot rating points show marked deviation from tne fairod curves.    On the 
first evaluation flight,   flight 564,  the pilot was somewhat rushed because of 
a shortage of fuel.    During this flight,  the pilot also questioned his subjective 
weighting of tracking and maneuverability in arriving at a final evaluation and 
numerical rating.    The evaluations of flights 570 and 596 were also rushed 
because of a shortage of fuel.    The pilot did not feel confident about either 
evaluation.    In addition,   on flight 570,  the weather was poor,  and on flight 596, 
the stick force gradient selected was high (^a/W«= 11.7 Ibs/g).    No satisfactory 
explanation can be offered for the poor rating on flight 592.    The pilot com- 
plained of PIO tendencies and that the damping was less with the pilot in the 
loop.    Based on the poor tracking and PIO tendencies,  the pilot rating was 6. 5. 
On flight 575,  the pilot stated that the tracking performance was quite 
satisfactory.    He stated that   a   slight PIO tendency existed and that the air- 
plane was somewhat abrupt in response.    The rating of 4. 5 was based 
primarily on the slight abruptness of response and the somewhat heavy stick 
forces.    The discrepancy in rating between flight 575 and 592 cannot be 
explained except to note that the pilot-selected stick force gradient is different -• 
9. 3 as compared to 6. 8 for flights 575 and 592,   respectively. 

7. 2. 3 Initial Pitch Response and Handling Qualities 

The importance of pitch response on longitudinal handling qualities 
has been recognized for some time.    Special attention has often been directed 
at the characteristics of the early part of the pitch response,  especially that 
portion which includes the maximum pitch acceleration and maximum pitch 
velocity following an abrupt control input.    Just how these initial aspects of 
the response influence the pilot,  and how they can be defined by one or more 
simple handling qualities parameters,  is at present not clearly understood. 

It has been stated in Reference 16 that a pilot will resort to stick 
"pumping" when performing precise maneuvers such as landing, tracking, 
or formation flying.    By pumping the stick,  the pilot is able to sense the 
longitudinal responsiveness of the airplane under a given flight condition,  and 
he is able to establish confidence in the level of control available.    It is further 
stated that stick pumping will occur at a frequency that results in a maximum 
pitch acceleration response for a given control input.    Under this condition, 
the pitch acceleration and control input are in phase. 

In the present flight test program,  both pilots did indeed resort to 
stick pumping as a means of sensing the sensitivity or sluggishness of the 
pitch response of the airplane.    Stick pumping was resorted to by both the 
Air Force and CAL pilots in selecting the optimum or best compromise of 
stick force gradient.    As observed by the safety pilot,   stick pumping was used 
especially by the Air Force pilot.    This may explain the greater consistency 
in the stick forces selected as a function of frequency by the Air Force pilot 
(compare Figures 9 and 10). 
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In order to further establish the importance of pitch acceleration 
response as a pilot cue,  oscillograph records were taken of stick pumping 
during selection by both pilots of the optimum stick force gradient.    These 
records were taken by the safety pilot without the knowledge of the evaluation 
pilot.    From these records,   pumping frequencies were measured. 

Figure 11  shows frequency response   plots of the Ö^J/^s ^ transfer 
function for those  configurations in which pumping frequencies were measured. 
This transfer function,   including feel system dynamics,   is defined by 
Equation (6. 14),  repeated here for convenience. 

e(5) ^      ^   ijWssj   F*sJss     \ ^      (6.U) 

Feel system frequency and damping for various flight conditions are presented 
in Table III. The airplane frequencies and damping are shown on Figure 11 as 
defined in Tables VII,  VIII,  and IX. 

The range of measured pilot pumping frequencies is spotted on each 
of these frequency response curves.    It is evident from Figure  11 that stick 
pumping,   with stick force as the control input,   does indeed occur at a frequency 
where pitch acceleration is a maximum and the pitch acceleration and stick 
force are essentially in phase.    The small deviations from the conditions for 
maximum pitch acceleration indicated on Figure 11 are not considered significant. 

The importance to longitudinal short period handling qualities of the 
maximum pitch acceleration during the initial pitch response of an airplane can 
be further illustrated by examining the time history of pitch response following 
a step stick force input,   as defined by Equation (6. 22).    The nondimensional 
pitch acceleration response is a function only of the feel system frequency 
and damping,  and the airplane frequency,  damping and 2a   .    Time histories 
ot 0nd  >9nJ <  an<^ 0na   were obtained by integrating Equation (6. 22) in the time 
domain using a digital computer.    The actual pitch response as a function of 
time is then related to these time histories by equations analogous to Equation 
(6.34).    Thus, 

oft)      *>*! ***(*> 
FB% f "*\   / ri* 51    /  ^„    , O.. I) 

e(t) <*>SF_ **dfrj 

'Vs 

e(t) "s' ***(*) 

(7.2) 

^s f"_l]/^l 1 
(7.3) 
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Time histories of the pitch responses for three frequencies and the 
three simulated values oiv*/*  are shown in Figure  12 for a step stick force 
input.    All responses are for a stick force gradient of 6 Ibs/g. 

It is evident from Figure 12 that maximum pitch acceleration is a 
strong function of frequency.    From Equation (6. 34),  it is evident that the 
maximum pitch acceleration is a function of the frequency squared,   except 
for the very significant attenuating effects of the feel system,   as indicated in 
Figure 4.    It is also evident from Figure 4 that the maximum nondimensional 
pitch acceleration response is not a strong function of Z-^ .    It can therefore 
be concluded from Equations (7. 1),   (7. 2),  and (7. 3) that the magnitude of the 
initial pitch response is nearly inversely proportional to rti/oc .    This may be 
checked by comparing the peak values of pitch acceleration and pitch velocity 
for high short period frequency in Figure  12 at the three values of "«/ä . 

The shape of the pitch angle response as a function of frequency is 
of some interest.    The pitch angle curves all show a small initial delay in 
the pitch response.    At the highest frequency and lowest ^-^/(X,  the pitch 
angle first increases rapidly and then tapers off to a steady rate of increase. 
For the lowest frequency tested,  the pitch angle increases slowly at first, 
and then more rapidly to the same steady rate as the higher frequencies.    At 
the intermediate frequency, the pitch angle increase is fairly linear.    These 
effects are attenuated as ^-j./«* increases. 

In this flight test program,   if the pilot was dissatisfied with the 
magnitude of pitch response for a given stick force input,  he could change 
the response by adjusting   ^ss//fx.   .    When the response was abrupt or sen- 
sitive to the pilot,   he could increase Fgs/i*. to reduce the abruptness at the 
expense of higher steady-state maneuvering forces.    As indicated by Equation 
(6. 34),  the maximum pitch acceleration response is inversely proportional 
to fjrs/tir for a step stick force input. 

If one assumes that for the condition of satisfactory short period 
damping (5^'*' 0. 7),  the maximum initial pitch acceleration is an important 
longitudinal short period handling qualities parameter, then this parameter 
is defined by Equation (6. 34),  which is repeated here for convenience. 

0MAK ^sr (& *<i) MA* .,   ... 
(b. 34) 

\    *   '**[  "} Jss 

If it is further assumed that, for given longitudinal short period and 
feel system characteristics, ^MS/

1
**.   

can be consistently optimized by the pilot, 
then Fm+/*y as such can be eliminated from Equation (6.34).    Multiplying both 
sides of Equation (6. 34) by/^/A»»   ,  we have the following parameter: 
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Equation (6.36) is Bihrle's control anticipation parameter with the attenuating 
effects of the feel system included. This parameter was previously discussed 
in Section 6. 3. 

Figures 13 and 14 are plots oi pilot ratings versus (CAP)' for the 
Air Force and CAL pilots,   respectively.    The solid points on these figures, 
which represent questionable data,  are identical to the solid points on Figures 
9 and 10.    The faired curves of Figure 9 as a function of 6üSr are mapped on 
Figure 13 as a function of (CAP)'.    The same mapping occurred between curves 
of Figures 10 and 14. 

An examination of Figure 13 for the Air Force pilot indicates that the 
pilot rating curves are very similar in shape when plotted as a function of 
(CAP)' for the three simulated flight conditions, ^/ar  =  16.9,   30.4,  and 63.4 
g/rad.    The same can be said of the curves of optimum stick force gradient. 
It appears that the optimum stick force gradient selected does decrease some- 
what at a given (CAP)' as  /^a/of increases.    As noted previously,  the same is 
true of optimum Fe^/rt^aX a given ^Vsr   .    The significant scatter in pilot 
ratings and pilot-seletted Fms/i*} at the high (CAP)1 values for /  = 300 kts IAS 
is associated with excitation of the airplane structural modes.    Some of the 
deviation in pilot ratings as a function of (CAP)' is undoubtedly associated with 
variations in pilot-selected   ^£i/

rt^, as a function of (CAP)'. 

Figure 14 is.a similar plot for the CAL evaluation pilot.    Again,   the 
data points for the questionable pilot ratings are shown solid.    The significant 
scatter in pilot ratings at high values of (CAP)' at   \/ = 220 kts and 300 kts IAS 
is again associated with the excitation of structural modes.    It is worth noting 
that,   although the character of CAL pilot rating data variation with (CAP)1 is 
similar to that of the Air Force piloi,  the plotted data exhibit more scatter. 
The greater scatter in pilot rating data probably reflects the larger scatter 
in pilot-selected optimum Fes/^i.  •    It is interesting to note that,   in the case 
of the CAL pilot,   higher stick force gradients were selected at the low 
frequencies.    In his comments,  the CAL pilot stated that at low frequencies 
the airplane was slow or sluggish in initial response.    The   tendency to over- 
control under these conditions led him to select high stick forces to prevent 
overcontrol or overstressing of the airplane.    Even with the higher stick 
forces,   the pilot ratings were as poor,   or poorer,   than those of the Air 
Force pilot in the low frequency range. 

If it is assumed that the initial pitch acceleration response of the air- 
plane is the most important longitudinal short period handling qualities par- 
ameter for the condition with satisfactory damping (j^   ■« 0. 7),  then it should be 
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possible to plot pilot rating as a function of (CAP)1 only. Such a plot also 
assumes that the optimum ^^/^ is selected in a consistent fashion as a 
function of (CAP)'. 

Figures 15 and 16 are such plots for the Air Force pilot using data 
fur all three flight conditions. Corresponding results for the CAL pilot are 
plotted as Figures 17 and 18. Data points associated with questionable pilot 
ratings are again shown as solid points and are identified by flight number. 

Figure 15,   for the Air Force pilot,   indicates a significant degree of 
correlation between (CAP)' and pilot rating.    Optimum pilot ratings occur 
in the vicinity of (CAP)' of 0. 5.     The plot further indicates that the satisfactory 
boundary (PR ^   3. 5) is confined to (CAP)'  values between 0.25 and  1.40. 
Pilot ratings better than 6.5 lie between (CAP)1 values of 0. 15 and 2.6.    Some 
of the scatter that exists in the pilot rating data of Figure  15 may reflect 
variations  in optimum ^ts/^x shown in Figure 16. 

7. 2. 4       Summary of Pilot Comments - Low Frequencies 

A summary of the pilo* comments at low frequencies is presented 
below.     Based on pilot comments and pilot ratings,  the low frequency regions 
are a function of flight condition,   and they can be approximated as follows: 

1. ä;5^< 2. 5 to 3. 0 rad/sec for   ^/cf - 1 6. 9 g/rad 

2. Ulsr*- 3. 0 to 3. 5 rad/sec for    V-j/^ - 30. 4 g/rad 

3. ä/SP <4. 0 to 4. 5 rad/sec for    n-x/oL- 63. 4 g/rad 

As the short period frequencies decreased below the values indicated 
above,   both pilots began complaining about the slow response of the airplane. 
The handling qualities of this slow response were described in the following 
general way.    The initial response to a control input was slow and even 
showed characteristics of a response lag.    This initial response was followed 
by a pitch-up tendency or "digging-in" quality which was unanticipated and 
difficult to stop or control in any precise manner.    The final result was a 
tendency to overcontrol or overdrive the airplane.    These characteristics 
became progressively worse as the frequency was reduced.    Performance in 
the tracking task deteriorated rapidly,   but the degradation in ground tracking 
was less rapid.    The airplane became more difficult to trim as the frequency 
was reduced.    Precise normal acceleration control and attitude control 
became progressively more difficult. 

In general,   the Air Force pilot chose progressively lower stick force 
gradients as the frequency was rt duced.    This made it easier for him to 
increase the initial response of the airplane to control force inputs.    He then 
modulated the input to prevent overcontrol.    He often complained of the 
lightening of the stick force gradient as the g-force was increased.    This was 
sometimes described as a tendency to tighten up in a turn when the frequency 
was low. 
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The CAL pilot increased his stick force gradient us the frequency 
was reduced.    This was done to prevent overcontrol or overstressinj» of 
the iiirplane. 

As the frequency was decreased,   buth pil<)lt> said Ihül Ihe airplani 
was less sensitive to random disturbance  inputs to the elevator. 

The CAL pilot complained often of a lack of control harmony as the 
frequency was reduced.    The airplane became increasingly more  responsive 
to aileron control than to elevator control.     This mismatch was accentuated 
by the increased stick force gradients selected as the short period frequency 
was reduced.    The Air Force pilot complained much less about the  lack of 
control harmony,   since his selected stick force gradient was low .it low 
frequencies. 

Both pilots rapidly downgraded the configurations as the short period 
longitudinal frequency was reduced,   even though they selected different 
stick force gradients. 

The   basis for the pilot comments at low short period frequencies 
becomes  readily apparent when one observes the shape and magnitude of 
the pitch rate and pitch angle response at low frequencies (^d^p- 2. rad/sec) 
shown in Figure  12.    The pitch rate builds up gradually,   almost  linearly, 
to the steady-st?te value with little overshoot.    The pitch angle increase with 
time is para.bolic,   slow at first and much more rapid later. 

7. 2. 5       Summary of Pilot Comments  - High Frequencies 

A summary of pilot comments at high frequencies is presented below. 
Based on the pilot comments and pilot ratings,   the high frequency regions as 
a function of flight condition can be approximated as follows: 

1. A^S/p> 5. 0 to 5. 5 rad/sec for    /*»/^ 1 6. 9 g/rad 

2. ÄJsp> 6. 0 to 7. 0 rad/sec for     ^/^ 30. 4 g/rad 

3. CAj^p> 8. 80 to 9. 0 rad/sec for   ^«./c*     63, 4 g/rad 

As the short period frequencies increased above the values indicated, 
both pilots began to complain about the fast response of the airplane.    The 
handling qualities of these fast short period frequencies were described in 
the following way:   The initial response of the airplane to control inputs was 
abrupt.    The airplane was very responsive and sensitive to small control 
inputs about trim.    The airplane also had a tendency to "bobble" about trim 
for small inputs and also had a tendency to bobble in making   precise attitml» 
changes.    These characteristics increased more rapidly with frequency at the 
lowest ^Z«* tested (16.9 g/rad).    The increase in sensitivity with frequency 
was attenuated by the feel system dynamics. 
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Although the pilots liked the rapid response of the airplane,  they 
objected to the abruptness,   sensitivity,   and hobbling temlrncies.    These 
characteristics led both pilots to select higher stick force gradients with an 
increase in frequency to attenuate the st-nsitivity and bobble tendencies of the 
airplane.    This trend was especially pronounced for the lowest  r7a/<* tested. 
Higher stick force gradients,   however,   resulted in higher steady-state 
maneuvering forces.    Thus,   the gradient selected was always a compromise 
between these two conflicting requirements.    The compromise was not always 
an easy one to make,   especially for the  CAL pilot . 

With increasing frequency,  it was generally true that the airplane 
became more responsive and sensitive to random inputs to the elevator,   and 
tracking became more difficult.    Small changes in trim became more of a 
problem.    Precise control of small changes in attitude and normal accelera- 
tion were more difficult than larger changes which required larger stick 
forces.    Small attitude control was also better with a higlv-r stick force 
gradient.    All of these trends with frequency were less pronounced at the 
highest ***/<* tested. 

At the higher frequencies,  both pilots commented occasionally on a 
problem with control harmony; that is,   control was more sensitive and control 
forces larger in pitch than in roll. 

At 300 kts,  and more often at 365 kts,  both pilots» commented on a 
greater bobble tendency that existed with negative,   as compared to positive, 
incremental g-forces.    Attitude control was more difficult with negative 
incremental g-forces than with positive incremental g-forces.    They also 
commented that the dynamics of the pushovers were such that it was easier 
for the pilot to couple with the airplane,  induce oscillations,  and develop 
PIO tendencies. 

Airplane sensitivity was more erratic and difficult to control when the 
structural modes of the airplane were excited.    The primary structural mode 
excited was wing bending,  which occurred at frequencies between 17 and 21 
rad/sec (2. 7 to 3.3 cps).    These bending frequencies were observed in the 
oscillograph record of a wing tip mounted accelerometer and are a function 
of the fuel remaining in the tip tanks.    Both pilots commented on the varying 
degree of structural excitation that occurred when the airplane undamped 
frequencies varied from approximately 8 to 11.5 rad/sec (approximately half 
the  structural frequencies).    The erratic nature of the pilot ratings and 
pilot-selected stick forces in this region are also understandable.    The pilots 
were obviously correcting and interpreting sensitivity due to structural factors 
as well as the inherent airplane sensitivity. 

The reasons for the airplane sensitivity at high frequencies become 
apparent from an examination of Figure 12.    The marked increase in maximum 
pitch acceleration with an increase in frequency and a decrease in   tt* 'oc     for 
the same steady-state stick for^0 gradient is very evident.    A similar character- 
istic is observed in the pitch rate overshoot.    The abruptness,   sensitivity, 
and hobbling tendency of the airplane are undoubtedly associated with those 
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transient characteristics of the high frequency configurations.     It is possible 
to reduce the pitch accelerations and pitch rates for a given frequency and 
l^/ot-   by simply increasing the stick force gradient.     Maximum pitch 

acceleration and pitch velocity per unit stick force are inversely proportional 
to the stick force gradient. 

7. 2. 6        Pilot Ratings and Iso-Opinion  Lines 

The  importance of the pilot-selected "optimum" stick force gradient 
in the pilot rating and comments of a simulated short period configuration has 
been amply demonstrated.    Plots of pilot rating as a function of (CAP)' assume 
that stick forces were optimized by the pilot always  in the same manner as a 
function of (CAP)1.    The scatter in stick force data indicates that the pilot- 
optimix.ed stick forces were not always consistent.    The pilot comments also 
indicated concern as to whether the  stick force gradient selected was a proper 
balance between transient and steady-state requirements.    The concern 
about  stick force gradients is especially evident in the comments of the CAL 
pilot.    It therefore appears that pilot ratings are in reality a function of Fe:,/^^ 
as well as (CAP)'. 

Attempts were made to obtain a least-squares fit of pilot rating data 
as a function of ^js/^-j. and (CAP)' for both pilots.    Although the results were 
not conclusive,  there was clear evidence that variation or "scatter" in pilot 
rating was to some extent a function of variations in Fg^/^y .    This appeared 
to be the  case for the CAL pilot at all values of (CAP)'.     For the Air Force 
pilot,   the stick force dependency of pilot  ratings was only evident at the 
higher values of (CAP)'  -- generally (CAP)' values greater than one.     Put 
some of this scatter and stick force dependency is also related to the structura. 
interactions present in the simulation. 

If the steadv-state maneuver forces as well as the initial pitch 
acceleration response are important in the pilot ratings,   as the comment data 
indicate,   then it should be possible to draw iso-opinion lines (constant rating 
lines) on a plot of />i,/»« versus G^^/^es The quantity ^^A/r//^?s    is the 
maximum pitch acceleration for a unit step stick force input as defined by 
Equation (6. 34) and shown in Tables X,  XI, and XII.    The plotted data and iso- 
opinion lines are shown for both pilots as Figures  19 through 22. 

All data presented in the figures are based on a longitudinal short 
period damping ratio of ^^.^O. 7.    The numbers next to each of the points 
refer to the numerical pilot rating based on the CAL Rating Scale.    Iso- 
opinion boundaries that delineate satisfactory (PR< 3, 5) and unsatisfactory 
(3. 5 < PR < 6. 5) regions are also shown on each of the figures.    Questionable 
points are shown solid and correspond to the questionable points shown solid 
on previous figures for the reasons previously discussed.    Most of the solid 
points are considered questionable because of possible excitation of the 
structural modes. 
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Figure 19 shows a reasonably well-defined satisfactory pilot rating 
region for the Air Force pilot.    It is evident from Figure- 10 that few of the 
unsatisfactory pilot rating points lie in the satisfactory region.    Although 
pilot  rating line 6. 5 is not well defined by the data,   llu- general area of 
unsatisfactory ratings is indicated. 

Several regions of unsatisfactory pilot ratings are designated on 
Figure  19.    In Region  1,   the configuration is unacceptable primarily because 
of sluggish initial response.    In Region 2,  the steady-state stick force gradients 
are too high.    In Region 3,   lae high initial response to small inputs makes 
the airplane abrupt or sensitive.    In Region 4,   the configuration would be 
unsatisfactory because of the light stick force gradients. 

Although similar characteristics are displayed by the ratings of 
the CAL pilot,   shown in Figures 21 and 22,  the trend is less clear.    Many 
more unsatisfactory ratings lie in the satisfactory region (see Figure 22). 
It is interesting to note that the satisfactory region for the CAL pilot is more 
restricted and is shifted upward.    The CAL evaluation pilot was less inclined 
to consider light stick force gradients as satisfactory. 

It must be clearly understood that these conclusions are only tentative, 
since the satisfactory and unsatisfactory boundaries are not always well 
defined by the data.    It was not the purpose of this flight test program to 
vary stick force gradients in a systematic manner. 

7. 3 PIO TENDENCIES 

7. 3. I        Correlation of PIO Ratings 

It is postulated in Reference 10 that,   with good control system dynamics, 
PIO tendencies can occur only for those conditions in which ZfSF/ic>34, < /.Ä 

This condition of closed-loop instability was derived in Reference  10 for short 
period longitudinal motions,   assuming the pilot's describing function during 
a sustained PIO to be a simple gain,  and in addition,   assuming that the pilot 
is responsive primarily to visual pitch attitude cues. 

Figure 23 is a plot of pilot-induced oscillation rating (PIOR) as a 
function of * fsp&s*//^ for the Air Force pilot,   and Figure 24 is a similar 
plot for the CAL pilot.    The pilot-selected stick force gradients are also 
shown on these figures.    The PIO data are presented in Table XIII,   and the 
PIOR's are oased on the PIO Tendency Rating Scale of Section 4. 3.    Attempts 
were made to simulate PIO configurations in the flight program primarily by 
reducing the damping ratio.    Table XIII includes all configurations in Tables 
VII,   VIII,   and IX where the damping ratio was equal to or less than 0. 6. 
Strictly speaking,   many of these configurations are not PIO configurations, 
since they do not satisfy the criterion under investigation:    Z^s/m COf^/l^X. 0. 
The division line for PIO configurations must of necessity be arbitrary,   since 
the exact conditions for the occurrence of PIO's are not understood. 
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Figures 23 and 24 indicate a general tendency to PIO for 2 "£5/-^.s/»/^ 
<1. 0,  although a significant amount of scatter   exists in the data for both 
pilots.    It is also evident from the pilot-selected stick force gradient curves 
that,   as PIO tendencies increased,   both pilots selected higher stick force 
gradients to inhibit these tendencies.    This trend was evident for all thrt'e 
flight conditions ( / = 220 kts,   300 kts,   and 365 kts IAS).    The fact that higher 
values of ^s/^j. were selected to inhibit PIO tendencies is also evident from 
the many pilot comments about PIO tendencies.    The scatter in the selected 
stick force gradients and the discreteness of the rating scale may explain 
some of the scatter in PIO ratings. 

The interrelationship between PIO tendencies and stick force gradients 
is not clearly understood.    Attempts were made to extract the effect of  ^«/"W 
by least-squares fitting of PIO ratings to various power series w z f    jj      // 
ind ^v-jj/i», by assuming that 

( ^        ^ 
p/ae - / 

^ 

The results were not conclusive,   since the stick force gradients wer.- selected 
by the pilot to inhibit,   rather than induce,  PIO tendencies.    In the casi* o1" 
the GAL pilot,  the fits indicated that PIO tendencies were as much a function 

>f variations in   ^-5/^ as they were of    Z^sptOsr/*-oc      '    This was not thi- 
case for the Air Force pilot.     Based on the optimum-selected stick force 
gradients of Figure 23,   the Air Force pilot PIO ratings were primarily 
determined by the PIO parameter    2$*» c<Js   //, 

Figures 25,   26,   nnci 27 show comparisons of PIO ratingh and pilot- 
selected optimum stick force gradients for the two pilots.    Each figure is 
for a specific flight condition.    The data indicate no significant differences 
in PIO ratings and pilot-selected stick force gradients for the two pilots. 

7. 3. 2       Analysis of PIO Comment Data 

An examination of the PIO rating scale of Section 4. 3 indicates that 
sustained PIO's are indicated only when the PIO rating is 4 or higher.    An 
examination of Figures  'i3 and 24 and Table XIII shows  PIO ratings of 4 or 
poorer for only five of the PIO configurations simulated.    Four of these 
configurations were simulated at the flight condition of 365 kts IAS.    A    PIO 
rating of 4 is also indicated for a configuration not included in Table XIII: 
flight 583 at 365 kts IAS.    The pertinent characteristics of these configura- 
tions are shown below: 
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FLT 
V(IAS) 

KTS PILOT Üsr ^ PR PIOR 

583 365 AF 8.96 0.66 3.90 4.86 3 4          1 
595 365 CAL 3.72 0.21» 0.58 — 9 4.5     | 

596 300 CAL 6.08 0.13 0.89 15.8 8 5         | 

I    601 365 CAL 2.16 0.41» 0.62 16.2 9 4.5     | 

605 365 AF 3.72 0.19 0.46 4.15 7.5 4.0      { 

610 365 AF 5.H7 C.05 0.18 8.12 8.5 4.0      | 

On flight 583,  the pilot commented that the airplane was responsive 
to rapid inputs,   displayed sensitivity,  and tended to bobble for small inputs. 
In tracking,  he said the airplane showed overcontrol tendencies and the 
beginning of a minor PIO.    He gave the airplane a PIO rating of 4 and an 
overall rating of 3.    These ratings appear to be inconsistent,   since such a 
poor PIO rating should not result in as good an overall rating.    This was only 
the third flight for the Air Force pilot,  and his relative unfamiliarity with 
the rating scales and their use may have been a factor. 

On flight 595,  the pilot complained that the airplane was "touchy, " 
"digs in, " and has a sluggish initial response.    He complained that the stick 
force selected was too heavy,  but that he selected it to prevent overcontrol. 
He said that, with the low frequency and low damping conditions,   he got a 
PIO while trying to track,  and that the airplane had real PIO tendencies. 
The only usable piloting technique was either not to disturb the airplane or to 
initiate control slowly.    He said the airplane was completely unacceptable 
and very bad; it could be described as "nearly dangerous" because of its 
PIO characteristics. 

On flight 596,   the pilot said the selected ^sl^y wa8 high but neces- 
sary to reduce the oscillatory tendencies of the airplane.    He said that in 
tracking,  the pilot could induce  oscillations even though the selected feitny 
was high, and he attributed this condition to the combination of frequency and 
damping of the configuration.    He further stated that the tracking performance 
was very,  very poor and that the airplane was quite responsive to random 
noise or the pilot inputs in response to the random noise.    The airplane was 
unacceptable and was "close to dangerous" with a strong PIO tendency. 

On flight 601,  the pilot complained of the lag in response and the 
overcontrol tendency of the configuration.    He felt that none of the stick force 
gradients that he tried were satisfactory.    The selected Fm»/*}, allowed some 
maneuverability,  but a strong tendency to overdrive the airplane still existed. 
In turbulence it was very difficult to track.    Without turbulence,   it was 
significantly easier,  but still "not good. "   He said that PIO tendencies did 
exist and the airplane was very bad,  "almost dangerous. " 
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On flight 605,  the Air Force pilot said the configuration was very 
susceptible to PIO,  and the clamping was poor.    The response to control inputs 
was slow at first and then "took off. "   Higher stick force gradients decreased 
the tendency for the pilot to couple with the airplane,  and there was less 
sensitivity to PIO's.    In tracking,  PIO tendencies were prevalent,  and any 
effort to reduce the tracking error only resulted in a PIO.    He rated the 
configuration flyable but unacceptable.    It was "bad" or "very bad" and had 
real PIO tendencies. 

On flight 610,  the pilot complained that,  in controlling attitude or 
making attitude changes,  the pilot coupled with the airplane,   and a PIO 
resulted.    The attitude errors then became worse.    Tracking was difficult 
because of a PIO tendency,  especially when making corrections in the 
negative g direction.    The pilot's technique for flying this configuration was 
to avoid overcontrolling the airplane because of the PIO tendencies.    The 
pilot rated the configuration unacceptable,   very bad,  and probably dangerous 
because of the PIO tendencies. 

On flight 630 at 300 kts LAS,  and on flights 577 and 630 at 365 kts IAS, 
the PIO ratings were 3. 5,   even though the damping ratios were satisfactory 
(between 0. 66 and 0. 75).    The short period frequency on flight 630 was 
11.49 rad/sec,  and the pilot complained of structural excitation of the air- 
plane.    Part of the excitation was probably reflected as a PIO tendency.    On 
flight 577 at 365 kts,  the frequency   was 4.64 rad/sec, and the damping ratio 
was 0. 73.    The CAL pilot complained of a tendency to overdrive the airplane 
and of its tendency to "pitch up" and "dig in. "   He stated that the tracking 
performance was bad because of PIO tendencies and that,  based on general 
maneuvers and not tracking,  the PIO rating would be only 2.    He also felt 
that the evaluation was not adequate,   since he was rushed because of a short- 
age of fuel.    On flight 630 at 365 kts,  the frequency was high (17. 90 rad/sec). 
The pilot complained of the abruptness and sensitivity of the configuration 
and the existence of a high frequency bobble.    He said the PIO rating of 3. 5 
was a result of this high frequency bobble and the initial abruptness of response, 
and was not due strictly to a PIO tendency. 

On many of the configurations that were simulated to investigate 
short period frequency requirements with satisfactory damping (^ä^»^^* ^)' 
both pilots gave a PIO rating of 3.    In most of these cases,  the ratings were 
given because of undesirable motions induced by pilot inputs and not by actual 
PIO tendencies.    These undesirable motions were a result of low frequency 
"dig in" qualities,  high frequency sensitivity,  or bobble, and in some cases 
excitation of the airplane structure.    In only a very few cases did the pilot 
comments indicate actual PIO tendencies. 
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Section VIII 

CONCLUSIONS AND RECOMMENDATIONS 

This flight test program to investigate longitudinal short period 
frequency requirements with satisfactory damping {fs/m- 0.7),  and PIO 
tendencies with acceptable control system dynamics,   loads to the following 
conclusions: 

1. Longitudinal handling qualities are Indeed a function of ***./*. 
as well as short period frequency and damping. 

2. The magnitude of the stick force gradient has a major 
effect on the acceptability of a particular set of longitudinal 
dynamics.    At a fixed *^/ä and with satisfactory damping 
(fjg^O. 7),  a most acceptable combination of both stick 
force gradient and short period frequency exists.    As 
frequency is increased and "^»/oc reduced,  the optimum 
stick force gradients selected by both pilots were heavier. 
At lower frequencies and higher   iv-a/a. ,   higher optimum 
stick force gradients were more acceptable only to the 
CAL evaluation pilot. 

3. Feel system and control system dynamic characteristics 
can have significant attenuating effects on the abrupt 
pitch response at high frequencies and therefore such 
characteristics are of considerable importance in the 
analysis of handling qualities results. 

4. The maximum pitch acceleration response of an airplane 
to step stick force inputs appears to be a parameter of 
significance in the pilot's evaluation of longitudinal 
handling qualities.    This parameter contains many of 
the variables found to be of significance in this and 
past handling qualities investigations. 

(9)»**   s      ^ (ÖidU** 

(Öi^AtAK   *8 an attenuation factor due to feel system 
and control system dynamics. 

5. For a /s^ of 0. 7,  the present flight test program suggests 
that short period handling qualities results may be a 
function of both (i)mg/fa ,  and fa/*.    • 
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6. The importance of the parameter (OjAtAt/f** tc the 
pilot seems to be substantiated by the pilot comment 
data and the stick pumping used by both pilots in 
selecting optimum stick force gradients for each 
configuration simulated. 

7. As the short period frequency was increased and "H-Zot 
reduced,   the pilot objections were directed at the 
abruptness of initial response,  the sensitivity,  and 
the bobble tendencies of the airplane.   As the short 
period frequency was reduced and the MW/tfC 
increased,  the pilot objected to the sluggish initial 
response,  and the "digging in" and overcontrol 
tendencies after this initial response.    Both types 
of configurations were downgraded by both evaluation 
pilots. 

8. It has been established that high short period frequencies 
are objectionable to the pilot and that the satisfactory 
region of pilot ratings (PR < 3. 5) does close at the higher 
frequencies.    How high the frequency may be before it is 
objectionable is a function of  "h-loc »   feel system and control 
system dynamics,   and stick force gradients. 

9. The excitation of structural modes of the T-33 airplane 
resulted in considerable variation in pilot ratings at 
some simulated short period frequencies.    These results 
suggest the considerable importance of structural modes 
on an airplane's short period handling qualities. 

10. With satisfactory control system dynamics,   PIO tendencies 
generally increase when Z'^srCüip<L   •     Both pilots  selected 
higher stick force gradients to attenuate the PIO tendencies 
of a configuration.    Stick force gradient may be an 
important parameter in the analysis of PIO tendencies, 
but the present results are not conclusive. 

11. Some of the variability in intra-pilot and inter-pilot rating 
and PIO ratings is attributable to variations in pilot- 
selected stick force gradients.    Pilot-selected stick force 
gradients were more consistent for the Air Force pilot. 
As a result,   his ratings were also more consistent. 
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On the basis of present and past longitudinal short period results, 
the following recommendations for future flight test work seem appropriate: 

1. A similar investigation of longitudinal short period 
handling qualities should be made in which the stick 
force gradients are fixed at various levels.    The 
independent effect of stick force gradients on longitudinal 
handling qualities can then be definitely established. 

2. Linear feel system and control system dynamics should 
be further varied to establish the importance of feel 
system dynamics on longitudinal handling qualities. 

3. The possible improvements that may result from a 
nonlinear feel system should also be investigated,   such 
as a nonlinear Ff*/'?.*. 

4. Similar investigations to those in the present report 
should also be performed at other damping ratios. 

5. PIO tendency investigations of this flight test program 
should be repeated with stick force gradients fixed at 
various levels.    Such an investigation would establish 
the independent effect of stick force gradient in PIO's. 

6. PIO tendencies should also be investigated as influenced 
by variations in the feel and control system dynamics. 

7. The PIO tendency evaluation results should be compared 
with results obtained from other PIO-inducing tasks such 
as formation flight and in-flight refueling. 
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Figure 13 

VARIATION OF PILOT RATING AND PILOT 
SELECTED/^-s/^ WITH (CAP)' AND 

*}./*-  AF PILOT 
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NOTES: 
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Table EQ 

ELEVATOR FEEL SYSTEM CHARACTERISTICS 

FLT 
V 

(IAS) ( W^sU ^s 
1 

NO. 

564 

KTS 

220 

LB/IN. RAD/SEC 1 
29.1 23.0* .50'  ! 

564 300 27.9 22.5* .50' 
564 365 29.1 23.0* .50' 
576 220 23.0 20.9 .61 
579 220 — 20.9 .61 
581 220 30.2 23.2* .66* 
591 220 23.3 20.9 .61 
599 220 23.5 20.9 .61 
602 220 29.3 20.9 .61 
609 300 31.4 23.5* .66* 
619 220 23.0 20.9* .61' 
619 300 23.6 20.9* .61* 
619 365 22.4 20.8* .61* 
623 220 23.7 20.9 .61 
624 220 18.1 19.8 .64 
626 220 30.6 

'FEEL SYSTEM ^rS 

AND   <rs   ESTIMATED 
BASED ON DIFFERENCES 
IN FEEL SYSTEM GAINS 

ON ALL OTHER FLIGHTS AND SPEEDS: 

*4-s= 23 RAD/SEC 

^s-    0.66 

AVERAGE   (^»/^Js. =  29.1  LB/lN. 
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4 

Table H 

RMS PITCH ANGLE TRACKING COMMAND (dc) 

AND ERROR ( de ) FOR VARIOUS FLIGHT CONDITIONS 

FLT 
V 

(IAS) V äAJP 

9„ W*> 
*c *• 

NO. KTS FT RAD/SEC DEO RMS DE6 RMS PILOT 

568 220 5500 3.60 .58 7.0 1.63 .84 CAL 
577 365 5500 «.fl .73 9.11 1.66 1.05 CAL 
583 300 5500 9.17 .65 II.0 1.36 .6U AF 
587 220 5500 8.68 .62 18.1 1.82 1.17 AF 
607 365 5500 5.11 .61 5.0 1.31 .97 AF 
622 300 5500 n.w .19 8.6 1.50 1.23 CAL 

Table I 

LONGITUDINAL  PHUGOID CHARACTERISTICS SIMULATED 

FLIGHT ( CONDITION 

RAD/SEC 
*> 

PERIOD 

SEC 

V(IAS) 
KTS FEET 

220 5500 .III .03 56.7 
300 5500 .093 .11 67.6 
365 5500 .090 .02 69.9 

Table U 

CONSTANT LATERAL-DIRECTIONAL CHARACTERISTICS 

FLIGHT CONDITION 
6Ü 

RAD/SEC 
C 

  

SEC 

hr/h* 
OEO/IN. OEG/IN. LB/IN. LB/IN. 

V(IAS) 
KTS FT 

220 
300 
365 

5500 
5500 
5500 

MM 
1.83 
2.1*3 

.11 

.09 

.17 

.HO 

.51 

.22 

-3.13 
-3.13 
-3.13 

...2 

-8.2 
-».2 

3.0 
3.0 
3.0 

82.0 
82.0 
62.0 
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Table I 

LONGITUDINAL SHORT PERIOD HANDLING QUALITIES 

PARAMETERS SIMULATED AND PILOT RATINGS 

V = 220 KTS  (IAS) 

KT «v 4- , *tM 1      '/J/"« (1 /     ^1 (3) m^Z *         I.'5' i 
NO. j MO /SEC 1T" ! «// Ckf   JfV— (CAP)' 

1 ;• 
MOD MOT 

56H 8.3« .66 15.8 «.32 .50 "   16 .137 3.18 - til 
56b 1.71 1   .12 16.7 II.0 .18 .95 .17 .015 1.16 

IM 2.03 1   •r> 5.« .27 .91 .2« .045 1.22 
sea 3.60 i   .58 7.0 .81 .76 .61 .087 1.65 3.6 
5/0 8.39 1   .67 II.1 4.12 .60 2.06 .179 3.20 4 • 
571 ,        S.00 1   .60 '      7.1 l.«l .66 .93 .131 2.08 3.6 
572 1.73 .S3 16.6 .18 .95 .17 .010 1 . 17 1.6 1 
573 (.25 1    .6« \    18.8 II.1 2.08 .69 1.23 .112 2.50 1.5 
574 2.22 1   ■" i    18.0 i    12.0 .27 .89 .2« .020 1.25 2.5 
5 76 8.1« .78 '    17.6 1«. 1 «.«6 .«8 2.12 .161 3.35 6.6 
5 77 3.0« 1   .70 1    17.9 9.9 52 : .8i .«2 .042 1.47 

579 1.29 1   .71 11.2 3.9« .60 1.96 .176 3.17 2.6 * 
581 6.13 .68 13.8 2.16 .60 1.30 .094 2.46 3 

U 
582 2.30 .6» 6.9 .30 .88 .26 .037 1.27 
583 9.«« .79 28.0 5.06 .46 2.33 .083 3.52 
58i* 3.82 .68 10.1 .90 .74 .67 .066 1.68 
585 2.19 .8« 6.0 .29 .69 .26 .042 1.25 
586 6.09 .63 12.8 2.11 .60 1.27 .098 2.45 i 
587 8.69 .62 18.1 «.«0 .49 2.IS .119 3.30 

, 
588 I.N .68 16.0 1.81 .64 1.16 .072 2.26 4.6 t 
591 10.02 .76 13.5 5.«« .4« 2.37 .176 3.70 1.8 cu 
592 2.96 .59 7.4 .50 .81 .40 .055 1.46 2.5 
595 5.52 .60 9.4 1.70 .63 1.07 .114 2.25 2.5 

1 

596 1.94 .76 14.9 .20 .92 .19 .013 1.21 7.5 i 
59? 4.97 .61 8.« 1.31 .66 .86 .103 2.09 1 
599 8.36 .73 i    17.2 1 1.4 4.06 .50 2.02 .178 3.18 7.6 
600 5.83 .70 

1    ,-   . 12.7 1.88 .62 1.16 .092 2.35 1.6 
601 2.16 .56 11.5 .25 .88 .22 .019 1.26 5.5 
602 8.85 .75 17.6 4.81 .48 2.28 130 3.35 IF 
603 1.93 .79 7.5 .22 .92 .20 .027 1.20 
604 5.08 .66 10.9 1.5« .66 1 .01 .093 2.12 
605 10.20 .71 21.9 6.16 .44 2.65 .121 3.-5 
606 7.22 {   .67 14.2 3.22 .65 1.77 .125 2.82 

1 

608 2.93 ,   .86 8.3 .51 .82 .«2 .050 1.43 2.5 
610 2.89 1    .«6 8.7 .50 .82 «0 .047 143 
612 9.12 .70 20.8 5.07 .47 2.40 .115 3.42 4.6 1 
613 7.18 \    <** l«.7 3.06 .65 1 .68 .115 2.82 3.6 

I 

6U 2.75 i   .93 3.9 .«6 .64 .39 .100 1.40 1 
617 «.68 .70 i     1S, I 9.8 1.38 .68 .9« .096 2.00 

. 
621 «.27 .6« 9.« 1.02 .71 .72 .077 1.86 »I   i 
624 6.97 .73 7.0 3.07 .56 1. '1 .243 2.75 1 .5 
625 2.83 .74 II.i .50 .83 .40 .035 1.40 6 
627 8.71 .72 \    16.6 4.57 i    .49 2.23 .134 3.30 3.6 
629 io.n 66 18.3 19.0 6.13 .43 2.61 .137 3.87 3.6 
630 9.6« .65 19.9 6.63 .46 7.55 .129 3.54 2.5 ,' 
632 9.71 .76 

J 
13.6 5.91 .45 2.6. .197 3.60 * MJ i 

(M »If 

(i) -    OBUlKfD no» FIGURES 4 »40 6 
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Table H 

LONGITUDINAL SHORT PERIOD HANDLING QUALITIES 

PARAMETERS SIMULATED AND PILOT RATINGS 

V = 300  KTS  (IAS) 

12) OSUINED  FROM >   jU'fS  U  m  6 

(3)    .. iMn 

1 "•' 
Mt  /SEC 

rT.w ■ M 

y tun 

[30.0 

5»   "j 

LB/, 

7.0 

car 

.31 

(2) 

«3 

(C»P) PI 1    HO« 1   »HOT 

.26 .037 1.30 Ol 
S6S 9.70 .n 30.1 9.2 3.12 .«• 1.»» ■ IM 2.86 1 ste 6.30 .63 29.2 (.2 I.»I .61 86 .131 2.02 set 9.99 .72 30.a 8.9 3.21 .»5 i.»6 .16» 2.93 ».5 
S70 t. IS .65 31.0 7.0 2.70 »8 1.30 .186 2 73 » 5 2    2.5 671 I.I» 63 30.1 6.7 2.20 .52 1.1» .171 2.»8 2  5 
572 Ml 1.01 30.8 11.2 .17 .91 .15 .01» 1. II | 
S7J 9.75 .69 30.3 7.» 3.1» .»6 1.»» .19« 2.87 3 
57« ».«7 63 II.1 7.» .70 .70 .»9 066 1.65 1   c 
575 3.6? sa 29.1 6.3 .   6 .78 36 .0S7 i.»3 3.S 1 _ c 
576 6.36 .60 30.6 6.9 1.   3 .60 .79 .115 2.03 >   c 
577 9.95 .70 32.0 9.2 3 .   0 .»5 l.»0 .153 2.92 3 
S7I 6.29 .57 32.0 7. 1 1.23 .6' .75 .'M 2.02 c _ t 2  5 
510 10.61 69 32.0 12.0 3.  6 .»3 1.53 .127 3.10 1 81       | 
5(1 3.02 .60 29.5 ».3 .31 .8» .26 .060 '.30 2        5 1 
5S2 5.»3 .11 29.S 7.5 1.00 .   6 66 088 1.80 2 
583 9.17 65 31.6 11.0 2.66 .»8 1.21 .M6 2.72 3 
59» t.'' 60 JO.7 5.1 .57 .7» .»J 082 53 has 2.2» 93 29.3 .5 .   7 .91 .16 .02» 1.17 2 
51« 7.77 66 29.» 1   .2 2.05 .53 1.09 098 2.38 i 
5(7 10,52 93 30.6 1    .7 3.62 »3 1.56 099 3.05 2 
5» 2.63 II 29.» .1 .2» 88 21 .03» '.23 2 
591 'O.HO 6» 31.0 8.6 3.»a »» 1.53 . 177 3.02 1 ;*. 
S« (.23 62 30.6 6.0 2,21 52 MS . 191 i.M i 1 

S>3 10.00 63 11.2 7.7 3.20 .»5 1.»» .187 2.93 3 
St« 2.59 76 30.2 l|.« .22 .88 .20 .015 21 ; 
595 5.23 56 30.8 6.7 89 67 59 089 1.75 2 
597 9.72 66 31.6 8.9 2.99 .»6 l.ll .156 2 67 ; 
600 1.59 66 II. 

1   .» 06 1 .00 08 .OO' '.09 i 

601 3.03 66 30. 7.0 .30 .8» .25 .036 Ml t   c 2.- 
602 5.35 56 29.7 6.9 96 .66 .63 .092 l.7| .• 
60» 9.51 69 29.S ■ 0.3 3.06 .»7 1   »5 .I»1 2.81 1 
607 1.65 aa 30.3 s.a .09 .99 .09 .015 'JO 
609 9.11 69 29.0 8.5 3.32 .»6 1.53 ,179 Ml 3  c 2 
612 1.7| 75 29. 11.2 2.60 .»7 1.22 .10» 2.62 i 
6!3 ». 17 71 30.2 6.0 58 .   » »3 .O'l I.I« '     C 5 
615 10.11 6« 30. 9.5 3.66 .   3 '.57 .165 i.M 2 
616 6.16 1« 29.0 7.6 2.30 .62 i.»3 .188          { 2.»7 2 
it 3.27 50 28. 3.2 .38 .81 .31            | .046 1.35 
620 9.9« 70 28.» '2.2 3.52 .   5 <.59 .IJO 2.12 25 2 
62<t 10.22 72 29.8 7.7 3.52 .»»       1 l.ll .201          { 2.97 ■ C6.      ^ 
625 9.12 71       ! 29 5 6.7 2.82 8       j l.ll 202 1.71 I 
626 10.51 71      1 30. a-7   ' 3.67        ; '   3       i '.56           1 , IT| j.05 1      t 2 
630 ii.m 75 30.2 '8 2 4.37 ■*'        1 1,71           1 .098          ! 3.29           1 5.5 ?. 5 
632    1 |1.02 60     | 29. ' ■'   i ».l|         { .»2      1 l.7| .156          j 1.17           ! <* 2      1 

'"c. 
• 

ua0 
P     •*/' 

08Tt INEO  FROM FIGURE   5 
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Table HI 

LONGITUDINAL SHORT PERIOD HANDLING QUALITIES 
PARAMETERS SIMULATED AND PILOT RATINGS 

V = 365 KTS (IAS) 

HT 

«0. MO /SEC c y/Mo u/, 
(0 

CAP 
(2) ,   '3' / ,    (^) (II 

N M08 PILOT 

M« 11.25 .79 60.2 8.8 2.10 .«« 13 .105 2.07 8.5 . cu 
MS 3.75 .a: «0.3 a.« .23 .8» .20 .023 1.1« . 1 
M6 2.00 .§« 58.3 1».7 .07 1.0« .07 .005 l.OS » 
Ml 7.9* .71 «2.« «.» 1.01 .57 .57 .089 1.59 3.5 . 
570 10.53 .70 «2.5 (.3 1.78 .«7 83 .132 I.M 
571 9.1« .72 «».5 (.7 1.51 «9 .73 .110 1.85 
572 3.05 9« ««.a a.a .1» .12 .13 .015 1.10 1.5 
57« ».«2 .«1 66.6 1.1 .29 .98 29 .03» 1.19 
575 12.20 .70 «2.5 9.1 2.38 .»2 .99 .107 2.22 ».5 
S7* «.(2 .7» «».3 a.« .33 .7( .25 .030 1.20 
577 I.M .73 ««.a 9.» .32 .7( .2« .028 1.21 3.5 t 
5ao 1.3« .«9 «1.0 2.1 .03 I.I« 03 .017 u 
sai «.9« .1« «2.« ».3 .»0 .7» .29 06« 1.2» 
5S3 «.9« .«« «2.9 ».9 1.28 .52 (7 .137 1.72 

51» ».07 .«7 «2.5 4.1 .27 .81 .21 .053 1.16 

585 1.90 1.31 59.0 3.1 _ 
516 15.10 .«0 «0.8 5.7 3.75 .35 1.30 .229 2.65 
5S7 7.1» .«1 59.1 5.« .8« .81 .53 .09» l.»9 
5t( ».02 .12 «0.8 3.1 .27 .81 .22 .058 1.16 \ 
5tl ».1« .72 «2.5 11.5 .27 .81 .21 .019 1.17 2.5 cu 
592 12.03 .72 «5.» 6.« 2.21 .»2 .93 .137 2.2C 6.5 
593 1.11 .(6 «3.5 9.« .27 .81 .22 .023 1. 17 
59« 7.31 .71 «5.0 11.7 .82 .80 .»9 .Ml 1.50 6.5 
59« 15.20 .5« 61.« 9.0 3.37 .35 1.11 .130 2.55 
599 3.71 .52 «5.5 12.3 22 .8» .18 .015 1.1» 2.5 f 
«03 l».90 .63 60.6 8.3 Ml .35 1.05 .128 2.52 tF 
«06 12.25 .73 56.« ■i.O 2.«» .»2 1.10 .219 2.2» 2.5 
«07 5.12 .61 (1.0 1.5 .»» .73 .32 .092 MS 2.5 

60« a.«» .7« 59.8 5.3 1.26 .53 .66 .111 1.68 
609 2.32 .a« 58.« 1.» .09 1.02 .09 .0(5 1.08 
612 11.91 .62 59.« 7.8 2.38 .»3 1.01 .130 2.18 

613 2.17 .82 (2.9 1.0 .07 1.03 .08 .079 1.08 | 
61» 10.oa .75 57.» ».8 1 .77 .»a .85 .178 1.90 I.I 

615 12.71 .«2 (0.5 I.I 2.87 »0 1.07 .190 2.29 
«1« 3.»« «5   ' 60.6 2.2 .20 .87 .17 .077 1.12 
«17 9.3« .72 (».( ».3 1.3« .50 .68 .159 1.77 2.5 

«II 7.02 .«« 55.2 3.» .11 .«1 .5» .1(1 I.M 

«19 M.O» .57 5». 7 5.2 2.23 .»» .98 .190 2.05 

620 16.00 .59 53.( 1.1 ».78 .33 1.57 .253 2.(2 t 
622 11.05 .CO 59.0 «.3 2.07 .»5 .»? .l»9 2.05 3.5 2.5 CM 
62« 9.60 .7» (0.1 «.9 1.53 .50 .76 .110 1.81 

«25 13.7« .67 «2.« I.I 3.03 .38 1.1» .128 2.»l 
«27 '1.38 .91 82.9 1.0 31 .75 .23 .028 1.19 «.5 

«2« 17.05 .66 «3.« 11.1 ».67 .31 l.»2 . 128 2.71 ».5 

«30 17.90 M «5.3 13.3 5.03 .30 i .»a .121 2.78 3.5 t 

(I) -SP 
CAP = 

OaTAINEO MOM FIGUKES  » AND  6 

!3) 
(CAP)' 

(»1     -H...       ^i» &**)*»• 
I •    ",1     »    "l •        "y 
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Table TTTT 

PIO HANDLING QUALITIES PARAMETERS 

SIMULATED AND PILOT RATINGS 

FLT V(IAS) ^5P 1   ^ 
.58 

*,/« "' 'a W"* '?>., 
_i5  NO. KTS | RAO /SEC J/KAO It/SEC It/f RAO/SEC PR PIOR PILOT 

[568 220 3.60 16.1 [l.36 7.0 4.18 3.07 3.5 1 CAL 

571 5.00 
i   ■60 17.7 7.1 6.00 4.42 3.5 

!    592 2.96 .59 17.6 7.4 3.49 2.57 2.5 
j    598 6.95 .22 18.9 10.9 3.06 2.25 
1    601 2.16 .56 18.5 11.5 2.42 1.85 5.5 

607 5.95 .06 18.3 20.4 .74 .54 AF 
;    609 3.17 .13 17,9 8.3 .82 .61 

615 1.99 .28 16.1 12.0 1.11 .82 
616 5.89 .07 16.0 9.8 .78 .57 
618 2.42 .10 16.2 10.0 .48 .36 
620 5.95 .05 16.0 15.9 .60 .43 
622 2.61 .10 16.8 12.1 .52 .38 6.5 3.5 CAL 
626 i 5.90 .07 17.1 17.9 .77 .57 
628 1 2.17 .28 17.2 15.0 1.22 .89 6.5 

575 300 3.67 .58 29.1 1.78 6.3 4.26 2.39 3.5 1.5 
'•'f 6.36 .60 30.6 6.9 7.63 «.21 I.I 
578 6.29 .57 32.0 7.1 7.16 4.03 5.5 2.5 t 
581 3.02 .60 29.5 4.3 3.55 2.00 2T0I.5 AF 
582 5.43 .58 31.6 7.5 6.30 3.54 2 1 581« 4.17 .60 30.7 5.1 5.00 2.81 
595 5.23 .56 30.8 6.7 5.86 3.29 CAL 
596 6.08 .13 33.0 15.8 1.58 .89 
598 4.43 .33 31.8 10.7 2.93 1.64 
599 5.94 .16 31.5 15.2 1.90 1.07 
602 5.35 .58 29.7 6.9 6.21 3.48 
603 6.07 .16 29.7 16.7 1.94 1.09 3.5 AF 

1    605 4.43 .31 30.7 8.2 4.43 2.49 • 
606 4.30 .22 30.7 7.7 1.89 1.06 
608 4.11 .24 26.8 6.9 1.97 1.11 
610 6.05 .09 30.1 8.5 1.09 .61 
6U 5.91 .12 30.4 7.9 1.42 .80 
616 5.95 .11 29.6 11.6 1.31 .74 
617 4.44 .16 30.3 6.0 1.42 .80 
619 3.27 .50 28.1 3.2 3.27 1.84 ■ 

622 4.40 .19 28.8 8.6 1.67 .94 CAL 
623 5.95 .11 32.5 11.2 1.31 .74 6.5 3.5 
627 2.94 .36 30.1 8.8 2.12 1.20 4.5 
628 4.38 .16 29.4 11.3 1.40 .79 2.5 
632 I 11.02 .60 29.2 11.3 13.22 7.44 1 | 

586 365    ' IS.10 .60 60.8 3.07 18.12 5.90 AF 
595 3.72 .24 65.8     ; 17.9 1.79 .58 4.5 CAL 
598 15.20 .28 66.7     i 17.61 5.74 
599 3.78 .52 65.5 12.3 4.00 1.30 2.5 

\    BO1 2.16 .44 68.8 16.2 1.90 .62 4.5 1 1 
'    60i» 1.80 .52 62.1 1.87 .61 AF 

605 3.72 .19 63.5 1.42 .46 7.5 
610 5.47 .05 54.0 .55 .18    i   8.5 
619 11.04 .57 54.7 12.60 4.10        3     j 
620 16.00    ; .59 53.6     i 18.88 6.15        3 i 

622 11.05 .60 59.0 13.26 4.32        3.5 2.5 CAL 
623 5.30 .06 «5.6 16.8 .85 .28    1   7     ' i 626 1 3.40    | .19 67.1      i 21.5 1.29 .42 7 3.5 
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Appendix I 

PARAMETER IDENTIFICATION AND CORRELATION TECHNIQUES 

A least-squares-fit method for correlating the measured values of 
stability parameters to the T-33 airplane variable stability gain settings is 
presented in this appendix.    The stability parameters correlated are   ä/S/. , 
ZfsrtV&r > fsr  .  and the steady-state values {cL/Sfs, )sa,    ,   {ff* /*7*)ss, • 

{'r?i/o.)As  »  an<^ (■^Vs/^s)** •    The results of these correlation techniques 
are next used to establish alternate ways of identifying some of the parameters 
such as undamped natural frequency, ^ds,^.   . 

I. 1 CORRELATION EQUATIONS 

The two-dcgree-of-freedom longitudinal equations of motion for 
the T-33 airplane can be written as: 

~Jc + M~ac+0+M~ tf   = o (I- 1) 

Mj       PC + fii^ *    - O + M'3 + M.    &    sO (1.2.) 
r-'3 T-t, T.33 er'3t 

-»} = J   (*-*) (1.3) 

Equation (I. 3) is not an independent equation but merely relates the normal 
acceleration in g's to two variables in the equations, <x   and 0 .    The derivatives 
and symbols are defined in the List of Symbols.    Equation (I. 1) differs from 
Equation (3. 1) of Section 3. 2 in that it contains an elevator lift term 
(z.g S      ).    It is not assumed a priori in the correlation that elevator lift 

of the T-33 is negligible. 

The elevator deflection angle in terms of the independent gain settings 
{$e/oi),   (Se/cx. ),   ( 3e/& ),  and the stick gearing ( 5e/£&) can be written as 
follows: 

'.-&)' *&)**(?)**&.) '" (I•4, 
Equation (1.4) assumes that the gain settings are constant and a function of 
the variable stability gain settings of the T-33 airplane.    Equation (I. 4) is 
true only if the elevator servo frequency is quite high compared to the air- 
plane frequency and the sensor lags are quite small.    The effects of this 
assumption on the simulation and the correlation of measured parameters 
will be discussed later. 
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By substituting Equation (I. 4) in Equations (I. 1) and (I. 2),  and 
rearranging terms we have: 

er.a3 X r'3*        er-33 r.33 er-33 
(1.5) 

K„'\r_ß)M**r.„^ 
(1.6) 

The coefficients of the responses in these equations are the stability 
derivatives simulated by the variable stability system of the T-33 airplane 
based on the variable stability gains and the T-33 airplane derivatives for 
a particular flight condition.    By taking Laplace transforms,   the transfer 
functions ocw/fjjtfainde(s)/fiMifc)can easily be derived. 

6(s) 

****** 
c, s** cMs +e3 

A6S -> B6 

**S (s) s{ciS^^CzSfC3) 

(1.7) 

(1.8) 

where 

>'» =   *s. 
T-3 3 

». '- ("*. - '*,   »s in f£; 

*e = f»f ♦ V   "*■>      Or-) e ae r- 33      °£i^ 

Ba-  (%   "*-"*.   ^r.j3  ({ 
ZS 
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''•H'.J-M] 

es 

c* = 

From Equation (I. 3), we can write the following transfer function: 

** Cs) 
Vo *(s) ACs) 

*** (* ) *Ei (5 ) 
(1.9) 

Using Equations (I. 7) and (I, 8),  this transfer function assumes the following 
form: 

Ay,       S*    i   S„     5    * Cn 

(I. 10) 

where 

From the above transfer functions,  it is also possible to write the following: 

 ÜJL Ü* 

^^ s  + ^ 

*„   S    i'S„    s   + C 
_üi LI  

c. s'+ c. s + c. 

(1.11) 

^o *Mt($) (1.12) 

',s (') 
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(Jc^anü i^j/. , in terms of the T-33 stability derivatives and the 
gain settings, can easily be determined from the longitudinal short period 
characteristic    equation: 

S**4£-s* -2--0 (1.13) 

It is also possible to determine certain steady-state responses from 
the transfer functions.    Assuming a step control input of magnitude f     or/vs , 
we can write the following: 

(3K/ff-*-•/„w • ^ "[r^vV/^V."V($■)*(%**-"**<) (^)] (i.i6) 

«4!s"0 »^^    ^       (** - v ^; (^ 17) 

Zrl-*^ tt)' -cf-   I—I   -' —       -7—, ^ /^  /., -7TZT, (MS) 

The equations as shown above are quite complex. It is possible to 
introduce certain simplifications. A check of the T-33 stability derivatives 
for the flight conditions used in this program indicates that it is reasonable 
to make the following assumptions: 

•^ Msl «\\ 

%   %\ « I ^ *«[ 
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Mi w << i\ 

\ ? < < / 

The T-33 stability derivatives were estimated using the data in Reference  17. 
On the basis of the above assumptions,   Equations (I. 14),  (I. 15),   (I. 16),  (I. 17), 
and (I. 18) assume the following form: 

*.:■■ i", '.-«4..-. »*,„, (t<) - (\ '*lit ff) "• "> 

SS 7 ^ r-3 3 

\ "> If        V0   \    M$ g^   /r.$3 \ fe J\ StsJ** 

'HU...(±)mfr)mrH*)(%K'£>.- 
(1.23) 

Equations (I. 19) through (1.23) establish the relationship between the 
T-33 stability derivatives,  the gain settings,  and the simulated parameters in 
the flight program.    These equations are strictly true,   and the coefficient« of 
the gain settings are the indicated combinations of T-33 stability derivative» 
only when the servo and sensor lags are negligibly small.    This is only true 
in the case of the simulated frequencies and dampings when the simulated 
frequencies are small compared to the servo and sensor frequencies.    The 
steady-state equations.  Equations (1.21) to (1.23),  are reasonably accurate, 
since the only airplane angular rate is the constant pitch rate.Equation (I. 19) 
does not contain a term with the gain setting 0e/oc   .    Because of sensor and 
elevator servo lags,  Equation (I. 19) will be valid over a larger simulated 
frequency range if it contains a term with this gain.    Equation (I. 19) now 
becomes: 

. 

(I. 20) 

(1.21) 

/*') .  ^   - (1.22) 

97 



How these equations are used in fitting all the measured stability 
parameters to the gain settings used in flight will be discussed later.    It is 
interesting to note that certain relationships exist between the stability 
parameters.    By multiplying Equation (I. 21) hyMg   {fm/Sgt, ) and substituting 
in Equation (I. 24) we have: 

Multiplying Equation (1.23) by-fi,^ ^(^or^^^^j^j^ 

and substituting in Equation (1.24), we have: 

It is possible to relate Equations (I. 21) and (I. 23).     If Equation (I. 23) is 

multiplied by --^-Z-,        f ■ H )     ori—^-|      (- /* \ and substituted in 

Equation (I. 21) the result is: 

^l 

-^s 
(1.27) 

By multiplying Equation (I. 21) by  -   ±.  (—-)      [-^-j or fir"/     ( 7^ 

and substituting in Equation (I. 23): 

(1.28) 

Equations (I. 27) and (I. 28) are merely a way of combining the various 
measured steady-state responses to obtain the steady-state responses ^/•s/a'>)S5 

and  (^es/'7}.)**    ■    These responses can also be measured directly from the 
oscillograph traces and the consistency of the measured steady-state responses 
can be established based on the above relationships.    Equations (I. 25) and (I. 26) 
are alternate ways of determining the undamped frequency from measured 
steady-state values,   the elevator gearing,   and the T-M^fa   .    The last term 
in these equations is usually a small term and represents the effect of ( Se/ac.   ) 
gain on the simulated frequency.    How this term and the Mg«      of the T-33 are 
determined through a least-squares-fit process is discussed in Section I. 2. 
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1.2 CORRELATION TECHNIQUES 

Equations (I. 20) through (I. 24) were the basic equations used to 
correlate the measured frequencies,   damping,   and steady-state values to 
the gain settings used in the simulation for each of the flight conditions.    There 
was some effect of differences in fuel remaining during the simulation on the 
basic T-33 stability derivatives,  and,  therefore,  the simulated derivatives 
vary with fuel remaining for a given set of gain settings.    As stated in Section IV, 
these effects were kept to a minimum for any given flight condition by always 
performing simulations using the same flight condition sequence,   300 kts, 
220 kts,  and 365 kts IAS.    The effect of small differences on fuel remaining 
can be adequately accounted for by adding a term to the equations that accounts 
for the changes in the basic (unaugmented) T-33 characteristics with fuel 
remaining.    Equations (1.24),   (1.20),   and (1.22) now become: 

<-(V«-M 'Ff^L^'^-^H (-^-Mlt)"-29' 

^^-^'V'^/rjaa^jj-H^x.^H.„(t) 

tfL-O'-a '^fc^~) "r-ss $(P*) 

(I. 30) 

(1.31) 

The quantities with subscript 0 refer to the basic T-33 values of  toap. tzt%^^0KP< 

and f £ \       for a particular flight condition at a specified average value of 

fuel remaining ( FK ).    The quantity (^^) is the change in fuel remaining from 
this average value. 

The response parameters measured from oscillograph traces and the 
variable stability gain settings used in the simulation were fitted to the gain 
setting equations [(Equations (I. 21),   (1.23),   (1.29),   (1.30),  and (1.31)].    The fit 
was a least-squares fit,  and the quantities determined were the constant 
coefficients of the gaii   setting terms.    These coefficients are composed of 
the basic T-33 stability derivatives. 

parameter,   such as C*)Sf,'- 
Once the least-squares-fit coefficients of the equation for a particular 

have been determined,  it is possible to compute 
the parameter from the equation using the proper gains and the determined 
coefficients.    These least-squares-fit parameters can then be compared to 
the actual measured parameter to determine the degree of correlation based 
on the assumed fit equation. 
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The correlations in general were quite good as indirated by Figures 
I. 1 to I. 30. The least-squares-fit parameters and the measured parameters 
are presented in Tables VII,   VIII,  and IX. 

I. 3 DISCUSSION OF CORRELATIONS - ALTERNATE METHODS OF 
IDENTIFICATION 

The discussion and explanation presented here will be concerned only 
with the flight condition of 220 kts IAS,  but applies equally as well to the 
results at 300 kts and 365 kts. 

Figure I. 1 compares the least-squares-fit undamped frequencies 
using Equation (I. 29) to the actual measured frequencies for the simulated 
configurations at 220 kts IAS.    The solid points represent data not used in 
the fit,   since preliminary fits indicated these data to be poor.    Once the fit 
was determined however,   the frequency was computed for these poor 
correlation points and compared to the measured frequency to show the 
degree of deviation of the poor point from the correlation line. 

A similar comparison (Figure I. 3) is made for 2^sf, u)SF. at 220 kts 
IAS by fitting Equation (I. 30).    Using least-squares-fit values of tOs?*-   and 

2 $•     COSr ,  it is next possible to determine a least-squares-fit value for 
£      .    Comparisons of !fs^ are made in Figure I. 4 for 220 kts IAS. 

Least-squares-fit (LSF) values of the steady-state parameters   <*./£    , 
Ti^/ct , and ^-z//?* were determined by fitting the measured data and the 

gain settings to Equations (I. 21),   (1.31),  and (1.23).    Measured and LSF steady- 
state values are compared for 220 kts IAS in Figures I, 5,  I. 7,  and 1.8.    The 
points not used in the least-squares fitting process are again shown as solid 
points. 

In some cases,   LSF values of the steady-state parameters compare 
well with the measured values,  even though the measured and LSF frequencies 
do not compare well.    This is especially true at the higher frequencies 
simulated.    (Compare Figures I. 10 and I. 15«)   Under such conditions,  it is 
possible to determine a "best estimate" value of frequency using the measured 
steady-state parameters,  the elevator gearing ( f* /%-s ), and the T-33 Wg^ 
from Equation (I. 25) or (I. 26).    The T-33 value of A^^   is determined from 
the LSF values of (/^^-^)/'/v/y   and (*/^ *Ä-'^r) for the T-33 airplane obtained 
from the fit of Equations (I. 21) and (I. 29),   respectively. 

**   = 

*'€ 
7   - 
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Incidentally,  frequencies determined from Equation (I. 25) or (I. 26) 
compare well with frequencies measured directly from the oscillograph traces 
when such measurements can be accurately made (i.e. ,   the frequencies are 
not too high or too low).    Frequencies determined from measured steady-state 
values are shown as the solid points in Figure I. 2 for 220 kts LAS.    The "best 
estimate" frequencies plotted in Figure I. 2 are the best estimate values shown 
in Table VII,   and represent the best estimate of the measured frequencies 
determined either directly from flight data,   or indirectly using Equations 
(I. 25) or (I. 26).    The indirectly determined best estimate frequencies are 
indicated in Table VII with a double asterisk. 

From the best estimate values of   ^sr and the measured ^^ ,   best 
estimate values of t'f^^M^ have been determined and compared to least- 
squares-fit values in Figure I. 13 for 300 kts LAS. 

In a few instances,   steady-state values of (<•£.,/** )ss  or     (^s/^j)«» 
do not compare well with the LSF or computed values based on the gain settings. 
Alternate ways of checking (//3/<*)Ss or      (^5/^ )ss based on the other steady- 
state values are indicated by Equations (I. 27) and (I. 28).    When the checked 
values of (^-s/oOas or {***/*%■ )ss appeared to be better than the directly 
measured values,  they were used as the best estimate values in Tables VII, 
VIII,  and IX,   and are plotted as Figures I. 6 and I. 9 for 220 kts LAS. 

A similar procedure was used in correlating and fixing the values of 
the parameters simulated at the ouier two flight conditions -- 300 kts and 
365 kts LAS.    Comparisons between measured and LSF values and between 
best estimate and LSF values are shown as Figures I. 10 through I. 30.     The 
best estimate values of the parameters simulated are tabulated in Tables VIII 
and IX. 

It is obvious from the correlations and alternate methods of identifi- 
cation used,  that the parameters simulated in flight have been reasonably 
wel) identified.    Some specific questionable points still exist,  and these are 
discussed in conjunction with the pilot rating and comments for these specific 
configurations in Section VII. 
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Figure 1.18    COMPARISON OF LEAST-SQUARES FIT (LSF) AND MEASURED 
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Appendix II 

DYNAMICS OF ELEVATOR FEEL SYSTEM 

The importance of elevator feel system dynamics in determining the 
initial pitch response of the short period frequency configurations simulated 
has been discussed in Section VI. 

It has been demonstrated in Reference 17 that the elevator feel 
system can be adequately approximated as a second-order system with a 
transfer function of the following form: 

fajg . ü;(SEk dl. i) 

Rather than approximate the feel system dynamic characteristics from the 
limited data of Reference 17,  it was thought best to determine the character- 
istics using data obtained in the present flight test program. 

One method used was the analysis of ground records of elevator stick 
responses to stick force inputs based on the transient response of a second- 
order system.    A second method consisted of the harmonic analysis of actual 
flight records to determine the frequency response of the transfer function 

Sfaf*)/ffi(s).    Using the same techniques,   some indication was also obtained 
of the frequency response of the elevator servo $*(*)/9m(*)    transfer 
function. 

II. 1 AUTOMATIC STEP INPUTS ON THE GROUND 

At the completion of the flight test program,   records were taken of 
step inputs applied at the elevator stick feel strain gage to simulate step stick 
force inputs (see Reference 17).    These were electrical step stick force inputs. 
Elevator stick and elevator motions were recorded on an oscillograph.    Data 
were taken for the most frequently used feel system gains of the flight test 
program.    Records for three different size steps were laken in both the 
positive and negative direction. 

These records were analyzed using the so called "time ratio" method 
applied to a well damped second-order step response.    The results of this 
analysis are presented in Table III for the feel system characteristics simulated 
during most of the flights.    It is interesting to note that the feel system 
characteristics simulated did not vary significantly during the flight program. 

It was not possible to analyze the elevator servo transfer function, 
Se(s)/i£s (s)    ,  in this way because of the very small lag in the elevator 

servo.    The elevator servo frequency is of the order of 10   cps. 
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II. 2 HARMONIC ANALYSIS OF FLIGHT  RECORDS 

An alternate method used to idontify the foel system characteristics 
was to harmonically analyze several actual flight records to determine the 
frequency response of the feel system. 

Figures II. I,   II. 2,  II. 3,  and II. 4 are the frequency response 
(amplitude and phase) of the  ^/s (s)/^s(s,) transfer function following a stick 
force doublet input.    The four figures are based on the harmonic analysis of 
four different records obtained during the simulations of   flights 604 and 591. 
Faired through the data are frequency response curves based on the frequency 
and damping determined from the previously discussed ground records. 

Reasonable agreement exists between the ground and flight records. 
The agreement is better for phase shift than amplitude ratio.    As is to be 
expected,  considerable noise or scatter exist in the data at the higher 
frequencies.    The feel system characteristics for all three flight conditions 
(220 kts,  300 kts, and 365 kts IAS) of  flight 604 also agree reasonably well, 
as they should. 

Using the same harmonic analysis technique, a check was made of 
elevator servo frequency response using a flight record for  flight 556 at 
300 kts IAS (Figure II. 5).    Also shown on Figure II. 5 is the frequency response 
of a second-order system with ^e = 63 rad/sec,    ^   ■ 0. 7.    It is evident 
from the comparison that the elevator servo frequency is of the order of 
10 cps. 
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Figure UA  ***/?„  TRANSFER FUNCTION FREQUENCY RESPONSE BASED ON HARMONIC ANALYSIS 
OF FLIGHT RECORDS (FLIGHT 591, V = 220 KTS IAS, DOUBLET INPUT) 
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Figure 13.5    V^, TRANSFER FUNCTION FREQUENCY RESPONSE BASED ON HARMONIC ANALYSIS 

OF FLIGHT RECORDS (FLIGHT 556,  V = 300 KTS    IAS,  DOUBLET  INPUT) 
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